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In recent years, wireless communication technology has improved very rapidly. This 
increases the need to provide antennas of a larger bandwidth for multiple wireless 
applications. Thus, the wideband printed antenna design has become very important for 
multiband applications. Printed or microstrip antennas have low profile, small size, light 
weight and widely used in wireless and mobile communications, as well as radar 
applications.  
In this thesis work, the main objective of this research was to design, analyze, and 
investigate planar printed antennas which are divided into two types by the structure, namely 
printed spiral slot antenna and printed slot antenna based on defected ground structures 
(DGS) for multiband applications. The slot antennas can be fed by microstrip line, and 
coplanar waveguide (CPW). First, the microstrip line and CPW were studied carefully based 
on the substrate materials which is the basic element in any passive or active component in 
printed circuits. The second step is to design, fabricate and analyze the printed antenna, 
where developing and characterizing printed antenna for multiband applications is the main 
goal of this Ph.D. thesis. 
In the first part of this thesis, we design a novel approach of a wideband printed square 
spiral slot antenna consists of two phase-shifted square spiral slot elements and fed by an 
inductively coupled CPW connected to the end terminal of the spiral slots. Four prototypes of 
printed square spiral slot antenna were designed, fabricated, and tested. Applying corner 
truncation to the square spiral slots is found to improve the impedance bandwidth. All 
antenna configurations of different corner truncations were simulated and measured to 
investigate the practical parameters in the frequency band between 2 and 15 GHz, and each 
measured printed square spiral slot antenna exhibits a multiple wideband operation within 
that range. The antenna prototypes were fabricated on a single-sided low cost FR4 substrate 
with thickness of 1.6 mm and relative permittivity (εr) of 4.4. The printed square spiral 
antenna and its feeding circuit are designed to be compact in size and of overall dimensions 
40 mm × 65 mm × 1.6 mm. The frequency bandwidth of this antenna is defined as a 
bandwidth within which the return loss is greater than 10 dB or voltage standing wave ratio 
(VSWR) is less than 2. The measurements of the return loss and radiation pattern were 





for the proposed antenna. The proposed printed square spiral slot antenna can be embedded in 
wireless systems and integrated with microwave circuits to lower the manufacturing cost.   
In the second part of this thesis, a novel design of a microstrip-fed planar printed slot 
antenna using defected ground structures (DGS) for multiband applications is presented. Five 
prototypes of that printed slot antenna based on DGS were designed, fabricated, and tested.  
The antenna structure consists of two groups of five straight slot elements. The slot elements 
in each group are of the same width but of different lengths on the ground plane and are 
separated by a small strip and slot cut on both sides of the strip to interconnect each group of 
slots to the others. The microstrip line is designed on the front side of the PCB with a right 
angle for all slots to ease the mounting of the slots and microstrip with the monolithic 
microwave integrated circuit (MMIC). All antenna prototypes were fabricated on substrate 
material with a double sided substrate and the entire area is (45 × 40) mm2. The simulation 
and measurement results show the antenna has good input impedance bandwidths of ΓdB ≤ 
−10 dB at the five operating frequencies that extends in the range 2 to 7.5 GHz. In addition, 
the measurements are found in a good agreement with the simulation results for ΓdB and 
provide a stable radiation pattern. 
The performance of the printed antennas that are characterized using computer 
simulation and experimental work are presented and discussed. Numerically, we used IE3D 
electromagnetic simulator program which employs the method of moments (MoM). 
Practically, on the other hand, the fabricated printed antennas prototypes are measured using 
a (ZVA67) vector network analyzer to verify the simulated scattering parameter results, and 
using an anechoic chamber to verify the radiation pattern and gain. Performance results from 
the measurements and simulations results shows a very good agreement in terms of return 


































V zadnjih letih smo priča hitremu razvoju brezvrvičnih komunikacij, ki narekuje zahtevo 
po novih antenah z veliko pasovno širino za večnamenske naprave. Splošna brezvrvična 
zveza z oddajno in sprejemno anteno je prikazana na sliki 0.1. 
 
Slika 0.1. Brezvrvična zveza [9]. 
Obe anteni na gornji sliki sta razširjena prenosna voda (koaksialni kabel, žični dvovod ali 
kovinski valovod). Oddajnik proizvaja moduliran signal, ki potuje po ozkem prenosnem 
vodu. Razširjeni del prenosnega voda se obnaša kot oddajna antena, ki pretvori vodeno 
valovanje v valovanje, ki se razširja v praznem prostoru na izhodu antne. Sprejemna antena je 
izdelana podobno kot oddajna antena in zbira valovanje iz praznega prostora nazaj v prenosni 
vod [9]. 
Izmed številnih tipov različnih anten so širokopasovne tiskane antene zelo primerne za 
delovanje v več frekvenčnih pasovih. Tiskane oziroma mikrotrakaste antene so tanke, 
majhne, lahke in posledično pogosto uporabljane v brezvrvičnih zvezah in preprostih 
radarjih.  
1. Ravninske tiskane antene 
Pri ravninskih tiskanih antenah seva gornja kovinska površina. Tiskane antene so 
izdelana v tehniki večslojnih tiskanih vezij, v kateri lahko izdelamo dipole, tudi 
širokopasovne, krpičaste antene, režaste antene, spiralne antene in log-periodične antene. 
Uporaba več ločenih anten za različna frekvenčna področja ni primerna zaradi zahtev po 
majhnih izmerah, učinkovitosti, nizki porabi in nizki ceni. Širokopasovno anteno opisuje 





ΓdB<−10dB oziroma |Γ|<0.316. Sodobnejše raziskave vključujejo tiskane antene različnih 
oblik: ukrivljene, prepognjene, fraktalne, obremenjene z režami itd. 
Mikrotrakaste antene se pogosto uporabljajo kljub številnim omejitvam. V nekaterih 
primerih zahtevam po smernem diagramu ali pasovni širini lahko zadostijo samo drugačne 
ravninske antene, ki niso izdelane v običajni tehniki mikrotrakastih vodov. 
2. Tiskane antene 
Mikrotrakaste antene so običajno zelo cenene in majhne ter enostavne za izdelavo v 
tehniki tiskanih vezij (angl. printed circuit board – PCB). Kovinska krpica pravokotne ali 
krožne oblike ima na drugi strani podlage ravnino mase. 
Tiskane antene so lahko napajane na različne načine, ki jih lahko razdelimo v stične in 
brezstične, kot prikazuje slika 0.2. V stičnem načinu pripeljemo visokofrekvenčno moč 
naravnost na sevalnik preko prenosnega voda, na primer mikrotrakastega voda. V 
brezstičnem načinu uporabimo elektromagnetni sklop med mikrotrakastim vodom in 
sevajočo krpico. 
 
Slika 0.2. Tiskani prenosni vodi: (a) Mikrotrakasti vod (b) Koplanarni vod. 
Glavni cilj te doktorske disertacije je natančno načrtovanje, podrobna analiza in 
raziskovanje ravninskih tiskanih anten. Slednje se glede na strukturo delijo v dve skupini: 
tiskane spiralne režaste antene in režaste antene osnovane na necelih ravninah mase za 
večpasovno delovanje. 
Režaste antene se lahko napajajo z mikrotrakstim vodom oziroma s koplanarnim vodom 
(angl. coplanar waveguide – CPW). Zato so v disertaciji najprej preučeni mikrotrakasti in 
koplanarni vodi glede na materialno podlago, saj so osnovni gradniki tiskanih vezij. V 
drugem koraku so bile preučene, načrtovane, izdelane in izmerjene tiskane antene kot glavni 





3. Načrtovanje širokopasovne tiskane ravninske spiralne antene 
Prvi del doktorske disertacije se ukvarja z načrtovanjem nove tiskane kvadratne spiralne 
režaste antene. Anteno sestavljata dve kvadratni spiralni reži, ki sta induktivno sklopljeni na 
koplanarni vod. Za namene doktorske disertacije so bile načrtovane, izdelane ter premerjane 
štiri različice opisane kvadratne spiralne antene. Predlagano obrezovanje oglišč kvadratne 
spirale izboljšuje impedančno pasovno širino. Vse različice so bile simulirane, izdelane ter 
premerjene v frekvenčnem pasu od 2 GHz do 15 GHz. Vsaka različica omogoča 
širokopasovno delovanje v več pasovih. 
Različice anten s bile izdelane na enostranskem vitroplastu FR4 debeline 1,6 mm z 
relativno dielektričnostjo εr=4,4. Tiskane kvadratne spirale imajo skupne izmere 
40 mm × 65 mm × 1,6 mm vključno z napajalnim vezjem. Za vse štiri različice kvadratnih 
spiral sta bila izmerjena odbojnost in sevalni diagram ter primerjana z rezultati simulacij. 
Antene so bile najprej izdelane z mokrim jedkanjem in nazadnje z bolj natančno lasersko 
obdelavo proizvajalca LPKF. Vse štiri različice so bile simulirane in načrtovane s 
programsko opremo IE3D in so prikazane na sliki 0.3. 
  
a. Tiskana kvadratna spiralna režasta antena: risba in izdelana. 
  






c. Zgoraj obrezana kvadratna spiralna režasta antena: risba in izdelana. 
  
 
d. Obojestransko obrezana kvadratna spiralna režasta antena: risba in izdelana. 
 
Slika 0.3. Risbe in izdelane predlagane kvadratne spiralne režaste antene. 
Slika 0.4 prikazuje simulirano odbojnost ΓdB za vse štiri različice kvadratnih spiralnih 
režastih anten v frekvenčnem področju od 2 do 15 GHz. 
 





Kot je razvidno iz slike 0.4 daje najnižjo odbojnost obojestransko obrezana spirala, ki ji 
sledita zgoraj in spodaj obrezani spirali. Razlike med antenami niso opazne pod 6 GHz 
(rezonančne frekvence 2,7 GHz, 3,7 GHz, 4,3 GHz in 6 GHz). Obrezovanje spirale učinkuje 
šele na višjih frekvencah, kjer premika rezonance antene. 
Sevalni diagram v daljnem polju pri različnih frekvencah med 2 GHz in 13 GHz je bil 
prav tako simuliran in izmerjen v gluhi sobi. Na kratko so prikazani smerni diagrami 
obojestransko obrezane spirale pri štirih različnih frekvencah na sliki 0.5. 
  
  
Elementi E-skupni vzorci sevanja na štirih različnih frekvencah za kvadratni 
spiralni kotiček Okrnjena antena (yz ravnina - E-ravnina). 
Slika 0.5. Sevalni diagrami obojestransko obrezane spirale pri štirih različnih frekvencah. 
4. Večpasovna ravninska tiskana režasta antena 
V drugem delu doktorske disertacije je predstavljena nova vrsta ravninske režaste antene 
z mikrotrakastim napajanjem za delovanje v več frekvenčnih pasovih. Reže so nameščene v 






Novo ravninsko anteno sestavljata dve skupini rež, od katerih ima vsaka pet ravnih rež. 
V vsaki skupini so reže v ravnini mase iste širine ampak različnih dolžin. Ozek trak kovine 
ločuje reže ene skupine od rež druge skupine. Antenski napajalni mikrorakasti vod gre čez ta 
ozek trak kovine. 
Vse različice režastih anten so bile izdelane na dvostranskem tiskanem vezju z izmerami 
45 mm×40 mm. Simulacije in meritve kažejo, da ima antena nizko odbojnost pri petih 
delovnih frekvencah v pasu od 2 do 7,5 GHz. Meritve se dobro ujemajo s simulacijami in 
dajejo stabilen sevalni diagram. 














Slika 0.6. Necela ravnina mase. 
Predlagana režasta antena je bila preučevana na različnih podlagah za delovanje v več 
frekvenčnih pasovih. Uporabljeno računalniško orodje IE3D je elektromagnetni simulator, ki 
deluje na osnovi momentne metode. Momentna metoda razdeli elektromagnetno strukturo v 
manjše celice in rešuje celotno nalogo po delih. Višje število manjših celic omogoča 
natančnejši rezultat ampak hkrati povečuje čas računanja in zahteve po računskem 
pomnilniku. V večini primerov zadošča 20 do 30 celic po valovni dolžini za sprejemljivo 
točnost računanja. V tem doktorskem delu je bilo pri vseh načrtovanih režastih antenah 
uporabljenih 20 celic na valovno dolžino. 
Ravninska tiskana režasta antena je izdelana na dvostranskem tiskanem vezju na treh 
različnih podlagah.  Taconic (TLT-9) ima relativno dielektričnost εr=2,55, izgubni kot tan (δ) 
=0,0018, debelino h=0,79 mm in baker debeline t=0,035 mm na obeh straneh. Rexolite-1422 





baker debeline t=0,035 mm na obeh straneh. Vitroplast FR4 (ISOLA) ima relativno 
dielektričnost εr=4,32, izgubni kot tan (δ) =0,02, debelino h=1 mm in baker debeline t=0,018 
mm na obeh straneh. 
Dolžina mikrotrakastega voda (Lf=31 mm) je enaka za vse izdelane antene. Glede na 
uporabljeno podlago se spreminja le širina mikrotrakastega voda (Wf). Štiri različice antene 
so izdelane na podlagi Rexolite-1422. Vse štiri različice imajo enaki skupini rež enakih 
izmer, le razdalje med posameznimi režami se razlikujejo. 
Vse različice režastih anten se napajajo z mikrotrakastimi vodi na podlagi končne 










   
 Slika 0.7. Izdelana režasta antena (REX1). 
Simulirana in izmerjena odbojnost ΓdB predlagane antene je prikazana na sliki 0.8. 
Meritve kažejo dobro ujemanje s simulacijo v vseh delovnih področjih v pasu med 2 GHz in 
7,5 GHz. 
 
















   
Slika 0.9. Izdelana režasta antena (REX2). 
 
Simulirana in izmerjena odbojnost ΓdB predlagane antene je prikazana na sliki 0.10. 
Meritve kažejo dobro ujemanje s simulacijo v vseh delovnih področjih v pasu med 2 GHz in 
7,5 GHz. 
 




















   
Slika 0.11. Izdelana režasta antena (REX3) . 
Simulirana in izmerjena odbojnost ΓdB predlagane antene je prikazana na sliki 0.12. 
 
Slika 0.12. Simulirana in izmerjena odbojnost ΓdB režaste antene (REX3). 
















Simulirana in izmerjena odbojnost ΓdB predlagane antene (REX4) je prikazana na sliki 0.14. 
 
Slika 0.14. Simulirana in izmerjena odbojnost ΓdB režaste antene (REX4). 
Vse izdelane različice včpasovne ravninske tiskane režaste antene izkazujejo odlično 
ujemanje številskih rezultatov elektromagnetnega simulatorja IE3D, osnovanega na 
momentni metodi in rezultati meritev. 
Druga skupina štirih različic tiskanih režastih anten je izdelana na podlagi Taconic (TLT-
9). Vsi primerki druge različice imajo enake izmere kot različice na podlagi Rexolite-1422, 
ampak različne lastnosti podlage. Simulirana odbojnost ΓdB vseh štirih različic druge skupine 
je prikazana na sliki 0.15. V območju od 2 GHz do 7,5 GHz imajo vse antene odbojnost 
boljšo od ΓdB<−10dB v vseh petih delovnih področjih. 
 





Končno, tiskane režaste antene so bile načrtovane, izdelane in izmerjene tudi na vitroplastu 










   
(a) (b) 
Slika 0.16. Izdelana režasta antenna (FR4). 
Simulirana in izmerjena odbojnost ΓdB predlagane antene (FR4) je prikazana na sliki 
0.17. 
 
Slika 0.17. Simulirana in izmerjena odbojnost ΓdB režaste antene (FR4). 
Iz na sliki 0.17 prikazanih rezultatov za ΓdB lahko sklepamo, da imamo dobro ujemanje 
med simulacijo in rezultati meritev zlasti na začetnih in končnih točkah za vse širine pasov. 
Na obratovalnih frekvencah 2,9 GHz, 3,4 GHz in 4,1 GHz je odstopanje majhno. Pri 







Najprej so prikazane štiri tiskane kvadratne spiralne režaste antene, širokopasovno 
napajane s koplanarnim vodom. Orodje IE3D je bilo uporabljeno za vse štiri različice. 
Tiskane kvadratne spiralne režaste antene lahko opišemo s koti in razdaljami med sosednjimi 
kraki. Na ta način jih lahko naredimo frekvenčno neodvisne. 
Kvadratna spiralna režasta antena vsebuje dve spiralni reži in koplanarni napajalni vod. 
Antena in napajalno vezje sta izdelana na enostranskem tiskanem vezju z zelo nizkimi stroški 
izdelave. Impedančna pasovna je preučevana v področju od 2 GHz do 15 GHz, kar pade v 
frekvenčna območja UHF (300 MHz – 3 GHz) in SHF (3 GHz – 30 GHz). Prikazana 
kvadratna spiralna režasta antena je induktivno sklopljena na koplanarni vod, ki deluje kot 
kratek stik na koncu voda. Obe spiralni reži sta ločeni.  
Struktura tiskane spiralne reže je bila preučevana z uporabo enostavnega napajanja s 
koplanarnim vodom brez simetrirnih vezij in brez impedančnih transformatorjev. Preprosto 
napajanje, struktura v eni sami ravnini in široka impedančna pasovna širina so prednosti 
opisane antene. 
Prikazano je, da je mogoče pasovno širino kvadratne spiralne režaste antene izboljšati z 
obrezovanjem vogalov kvadratne spirale. 
Druga skupina predlaganih anten so režaste antene, kjer reže prekinjajo kovinsko ravnino 
mase (DGS). Vsaka skupina rež pokriva pet frekvenčnih pasov. Skupine rež do bile 
načrtovane z orodjem IE3D in izdelane z rezkarjem LPKF na mikrovalovnih podlagah za 
preverjanje rezultatov simulacij. 
Impedančna pasovna širina skupine petih rež obsega tri ozka frekvenčna področja okoli 
prvih treh delovnih frekvenc in širše zvezno področje za gornji dve rezonančni frekvenci rež. 
Dobitek skupine petih rež niha okoli 4 dBi pri izbranih delovnih frekvencah. 
Cilj načrtovanja je bila čim boljša impedančna prilagoditev in dobre sevalne lastnosti v 
vseh petih delovnih frekvenčnih pasovih. Frekvence vseh petih delovnih pasov lahko 
izbiramo s primernim načrtovanjem antene. Antena ima skoraj frekvenčno-neodvisen sevalni 
diagram. 
Skupine režastih anten so bile izdelane na treh različnih podlagah kot dvostranska 
tiskana vezja: termoplastika z nizkimi mikrovalovnimi izgubami Rexolite-1422, teflonski 





Opisane antene so napajane z mikrotrakastim vodom oziroma koplanarnim valovodom. 
Učinki različnih presekov napajalnih vodov kot tudi pravilen prehod na koaksialni kabel je 
tudi del te naloge. Namen naloge so bili simulacija, načrtovanje, izdelava in meritve anten v 
necelih kovinskih ravninah mase. 
Zaključek naloge je, da necele ravnine mase (DGS) omogočajo še mnogo različnih 
uporabnih antenskih struktur zmanjšanih izmer ter struktur z upočasnjenim valovanjem. Vse 





































Nowadays, there is a great demand for a lot of applications since the entire 
communication world around us tend to be wireless in near future. The eyes of any wireless 
system are its transmitting/receiving antenna. Antennas are the backbone and critical 
components of today's wireless communication system. Enhancing the antenna performance 
in order to fulfill in multifunction/multisystem requirements become a problem for wireless 
system designs. Antenna performance plays a critical role in determining the communication 
range and quality of service for wireless devices. As devices must increasingly support 
challenging spectral requirements (wideband or multi-band) and small product size, design 
becomes crucial to the success of new wireless products. Competence in advanced antenna 
design strengthens the competitive edge of such products for their manufacturers. Printed 
antennas based on defected ground structure (DGS) have been reported to provide a 
significant size reduction. Printed antenna with DGS is more suitable for multiband 
applications and easy to integrate with monolithic microwave integrated circuit (MMIC) 
applications. This chapter serves to explore the historical advancements in microwave 
engineering, history of antenna and printed antenna technology followed by short 
introduction for defected ground structures (DGS). The state of affairs that motivated the 
present investigations followed with the main research objectives is introduced. The chapter 
concludes with a brief description of the organization of subsequent sections. 
1.1 Introduction of Microwave Engineering 
Microwaves are electromagnetic waves in a frequency range between 300MHz and 
300GHz (corresponding wavelength between 1m and 1mm) [1]. Because the frequency is 
high and the wavelength approximates the physical dimension of the electric devices. The 
general lumped circuit theory usually is not valid in microwave engineering. Maxwell’s 
equations became the basic equations in microwave engineering field. 
The history of microwave engineering can be traced to over hundred years ago. And the 
first application of microwave engineering is the radar. The microwave theory and 
technology has been intensively developed since the World War II. Today, the microwave 
technology is heavily applied into human being’s lives such as direct broadcast satellite 
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(DBS) TV, mobile telephone, wireless local area computer networks (WLANS), and global 
positioning system (GPS). 
The frequency bands and general usage are illustrated in Table 1.1 [2]. 
Band Designation Frequency 
Range 
Usage 






Low Frequency  (LF) 30-300KHz Aeronautical navigation services, radio 
Medium Frequency 
(MF) 
300-3000KHz AM radio, regional broadcasting and 
communication links 
High Frequency (HF) 3-30MHz Communications, broadcasting, surveillance, 
CB radio. 
Very high frequency 
(VHF) 
30-300 MHz Surveillance, TV broadcasting, FM radio 
Ultra-high frequency 
(UHF) 
300-1000 MHz Cellular communications, surveillance TV 
L  
 











Weather detecting, long-range 
tracking 
X 8-12GHz Satellite communications, missile 
guidance, mapping 
Ku 12-18GHz Satellite communications altimetry, high-
resolution mapping 
K 18-27GHz Very high resolution mapping 
Ka 27-40GHz Airport surveillance 
Sub-millimeter waves 40-300GHz Experiment stage 
Table 1.1: Frequency bands and general usage 
1.2 Antenna History and Applications 
Antennas were first used in 1888 by Heinrich Hertz (1857-1894), a professor at the 
technical institute in Karlsruhe, Germany to prove the existence of electromagnetic waves 
predicted by the theory of James Clerk Maxwell, a professor at the Cambridge University, 
England. 
 He set up standing electromagnetic waves using an oscillator and spark detector of his 
own design and made independent measurements of their wavelength and frequency. He 
found that their product was indeed the speed of light. He also verified that these waves 
behaved according to all the laws of reflection, refraction, and polarization that applied to 
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visible light, thus demonstrating that they differed from light only in wavelength and 
frequency. It was not long until the discovery of electromagnetic waves was transformed 
from pure physics to engineering.  
After learning of Hertz’s experiments, the young Italian engineer Guglielmo Marconi 
added tuning circuits, big antenna and ground systems for longer wavelengths and was able 
to send signals over long distances. In 1895, Marconi transmitted radio signals over a 
distance of more than a mile at his home near Bologna, Italy, demonstrating the potential of 
radio as a means of long distance wireless communication. Within two years he used this new 
invention to communicate with ships at sea. On December 12 1901, Marconi received the 
first trans-Atlantic radio signals at St. John's, Newfoundland. These signals were transmitted 
from his powerful station in Cornwall, England. Later in December, 1901 Marconi heard in 
St. Johns the series of three dots, sign of the letter S that came from the station of Poldhu. 
Immediately he began the construction of another station without wires in Cape Breton, New 
Scotland, and in short time commercial dispatches through the Atlantic were transmitted 
normally. Later he constructed another station in Clifden, Ireland, to respond to the constant 
traffic increase. Although the station of Wellfleet entered, finally in functions, soon it was 
replaced by more powerful stations in Marion and Chatham.  
Marconi’s transmission system was improved by Karl F. Braun, who increased the 
power, and hence the range, by coupling the transmitter to the antenna through a transformer 
instead of having the antenna in the power circuit directly. Transmission over long distances 
was made possible by the reflection of radio waves by the ionosphere.  
Initially, wireless communication was synonymous with telegraphy. For communication 
over long distances the wavelengths were greater than 200 meters. The antennas were 
typically dipoles formed by long wires cut to a sub multiple of the wavelength. Now, 
thousands of communication satellites bristling with antennas now circle the earth in low, 
medium and geostationary orbits. 
The antennas in the early years were limited by the availability of a signal generator. At 
about 1920, the De Forest triode tube was introduced to produce continuous wave signals at 
higher frequency (up to 1MHz). It made resonant antennas possible. The demands for 
effective communication systems during the World War II pushed the antenna field up to 
higher frequency. Many new types of small sized antennas were designed and produced high 
directivity. With the development of the computer technology, microstrip antennas were 
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introduced and heavily investigated during the 1960-80 period. And the sophisticated 
commercial tools such as IE3D, ADS, HFSS, and CST Microwave studio became available 
today and saved lots of costs and time in research and design. 
The wireless communications were developed during the latter period of the twentieth 
century with the progress of research in this field. Higher performance requirements of the 
antennas are now necessary. The smart or adaptive antennas are the new topic of research. 
With the development of the microelectromechnical system (MEMS) technology, the 
reconfigurable antennas (several antennas share the same physical aperture with different 
radiation frequencies) were introduced. The examples are found in reference [3]-[4]. 
Antennas have wide range of applications. Antennas are the most critical components in 
the wireless communication, because they transmit and receive the electromagnetic waves. 
Although many types of antennas are available, the appropriate antenna choice is dependent 
on the actual requirements, including electrical and mechanical constraints and the operating 
costs, as well as the antenna’s performance. The operating environment is also one of the 
main considerations. The antenna’s applications include: radar, TV, radio, broadcasting, 
satellite communication, personal mobile communication, remote sensing, wireless local area 
computer networks (WLANS), cordless phone, GPS, navigation, and so on.  
1.3 Introduction to Printed Antennas 
An antenna serves as the “transition” between the RF front-end circuitry and the 
radiation and propagation of electromagnetic waves in free space. Antennas play a critical 
role in microwave and other wireless applications systems. Planar oriented antennas, such as 
printed antennas, microstrip patch and printed dipole have attracted significant attention 
among antenna engineers due to the tremendous benefits they bring to modern wireless 
systems in comparison to more conventional designs. 
Since the late 1970s, the international antenna community has devoted much effort to the 
theoretical and experimental research on the printed antennas. The printed antenna is 
probably the simplest yet most popular planar antenna. In its simplest form, the printed 
antenna can be realized by etching any shape metal pattern on a dielectric substrate.  
These antennas are: 
 Low profile; 
 Lightweight antennas; 
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 Most suitable for aerospace and mobile applications; 
 Easily integrated with electronic components; 
 Easily integrated into arrays. 
Printed antennas have matured considerably during the past decades. The results of the 
research have contributed to overcome many of their limitations and to the success of these 
antennas not only in military applications such as aircraft, missiles, and rockets but also in 
commercial areas. During the past few years there has been an explosion in commercial 
applications involving RF and microwave systems. Industrial applications such as satellite 
data transfer, vehicle tracking, and personal paging have been among the first to be 
developed. Another early application is the mobile telephone. The future will see even further 
penetration of RF and microwave systems into both the workplace and personal lives. Direct 
broadcast television (DBS) and digital audio broadcast (DAB) allow reception of 
entertainment virtually anywhere. Wireless local area networks (WLANs) and personal 
communications systems (PCS) provide untethered data transfer and communications. The 
intelligent vehicle highway of the future will guide us through traffic jams and tell us about 
services along the way. Finally, systems using GPS and other techniques not only tell us 
where we are going but where we should be going. 
Most of these commercial systems must be low-cost, easy to use, small in size, and 
rugged to achieve wide acceptance. Low cost demands easily produced components. The 
drive for smaller systems pushes not only the integrated circuit technology but also antenna 
technology. Small, conformal antennas are aesthetically pleasing and increase product 
ruggedness by avoiding antenna breakage.  
1.4 Introduction to Defected Ground Structures (DGS) 
Since the late 1980‘s, defected ground planes have attracted the interest of many 
researchers, due to their interesting properties in terms of size miniaturization, suppression of 
surface waves and arbitrary stop bands. Since then, they have been used in many applications 
like low pass filters, band pass filters, antennas, waveguides and others. Additionally, this 
technique could also improve the impedance bandwidth and the resonant frequency of the 
antennas. 
For instance, a defected ground structure (DGS) unit cell is an intentionally designed 
defect on the ground plane, which creates additional effective inductance and capacitance. 
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This technique can be used to design microstrip lines with desired characteristics such as 
higher impedance, band rejection and slow-wave characteristics, while significantly reducing 
the footprint of the microstrip structure. The first DGS structure is the well-known dumbbell 
shaped DGS, published in 1999 [5]. Since then, this technique has gained lots of attention to 
many researchers. Many shapes of DGS slot have been studied in planar microstrip antenna 
designs [6, 7], which provides many good performances - size reduction (resonant frequency 
lower), impedance bandwidth enhancement (quality factor lower) and gain increasing.  
1.5 IE3D Software Package (MoM) 
The increasing capabilities of computing resources are modifying the way 
electromagnetic problems are being approached. PC’s have computing capabilities 
comparable with those of the largest computers of a few years ago. The advent of extremely 
powerful and easily accessible computer capabilities has opened new possibilities in the 
general area of applied electromagnetic and has made it possible to attack a variety of 
problems that were considered to be inaccessible till a few years ago. 
 Parallel to the development of computers is the increasing complexity of the 
electromagnetic structures employed. The use of higher frequency ranges (up to millimeters-
waves) and of monolithic circuits involves very complicated circuit configurations. An 
extremely accurate control is needed of parasitic associated with discontinuities as well as of 
mechanical tolerances. In addition, the coupling between circuit elements plays an important 
role in determining the overall circuit performances.  
The method of moments, which was first introduced by Roger F. Harrington (1967), is 
an algorithm of computer electromagnetic calculations that is widely used for the simulation 
of antennas and electromagnetic wave scattering analysis. The method of moments applied in 
IE3D use PCB (Printed Circuit Board) to simulate the antenna structure. It all begins with the 
development of an integral equation, one of which is the Pocklington’s Integral Equation 
which defines the electric field resulting from an arbitrary current distribution on the PCB. 
This integral expression will employ a Green’s function which relates the electric field at an 
arbitrary observation point to the current at an arbitrary source point. The integral equation 
problem then employs the integral expression to relate known electric field boundary 
conditions to an unknown current distribution on the PCB. The Method of Moments employs 
orthogonal expansions and linear algebra to reduce the integral equation problem to a system 
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of simultaneous linear equations. The overall aim of the method of moments is to determine 
current distribution of the wire antenna which in turn is used to calculate the antenna’s 
radiation characteristics and feed point impedance. 
The IE3D Software suite is an electromagnetic simulation tool based on the method of 
moments. IE3D is an integrated full-wave electromagnetic simulation and optimization 
package for the analysis and design of 3D and planar microwave circuits, MMIC, RFIC, 
RFID, antennas, digital circuits, and high-speed printed circuit boards (PCB). Since its formal 
introduction in 1993 IEEE International Microwave Symposium (IEEE IMS 1993), the IE3D 
has been adopted as an industrial standard in planar and 3D electromagnetic simulation. 
Much improvement has been achieved in the IE3D since then. The IE3D has become the 
most versatile, easy to use, efficient, and accurate electromagnetic simulation tool [8]. Figure 
1.1 shows the Numerical Methods with software packages. 
 
Figure 1.1. Numerical Methods with software packages. 
1.6 Thesis Motivation 
The aim of this thesis is to design the planar printed antennas for multiband applications. 
The software package IE3D which is a Method of Moments electromagnetic simulation 
package was used for this all thesis work. The design and analysis carried out in this research 
work investigated the behavior of the printed antenna with various parameter values over a 
frequency range. The current distribution, gain, input impedance, radiation pattern amongst 
others will be determined from this project.  Printed antennas are in common needs in modern 
wireless communications and easy to be nominated for monolithic microwave integrated 
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circuit (MMIC) applications. Planar printed designs are used to minimize the volume of such 
systems, i.e., replacing conventional radiators with their planar ones. 
The aim of my research is to explore new and different planar printed antennas with 
defected structures techniques for multiple wireless applications at different frequency bands 
and having useful radiation patterns in all working frequencies. It is a common practice for 
single radio device to provide several services over a wide frequency range. For these types 
of devices, the ability to generate multiple frequency bands will eventually depend on their 
antennas performance. To achieve these requirements, multiple antennas are installed, and 
each one covers a specific frequency band. However, these antennas occupy much space in 
the device. Most importantly, such installations of multiple antennas generate electro- 
magnetic compatibility/interference (EMC/EMI) problems and also increase the system 
complexity. Therefore, an antenna is required which provides wideband response to cover all 
the operating frequency bands of these wireless communication systems. 
1.7 Research Objectives  
The latest evolution of communication technology system has observed an emerging of 
new multi-functional devices and new applications operating in different frequencies. As the 
technology advances, it becomes apparent that a transceiver which could operate at multi-
frequency is in need to support the system. Hence in this thesis planar printed antennas with 
defected ground structures for multiband application were proposed and investigated. The 
idea is to support a wide frequency of operation and at the same time could be filtering to 
operate at multiple frequencies in multiband applications. This antenna is potentially useful 
for wideband applications and future cognitive radio systems.  
Review of research works carried out by various researchers has been presented and the 
challenges towards antenna profile and performance improvement have been marked. Based 
on this a research investigation work is proposed to play with the basic printed antenna with 
any conventional or non-conventional shape for acquiring new printed antennas so as to meet 
many of the wireless devices requirements providing improved performances without 
sacrificing the low profile requirements.  
Process research like as a combination of theoretical and practical knowledge. The 
research work initially include validating and measuring of printed antennas, by using 
microwave devices which are available in the laboratory. Special attention devoted to reading 
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the antennas and defected ground structures for antennas in wireless applications in 
microwave region.  
The main objective of this thesis is to analyze, design and fabricate the printed antenna 
using defected ground structures (DGS) for multiband applications, in addition to achieving 
good performance, with respect to its multiband with ΓdB (return loss) should be less than -10 
dB and radiation pattern should be omnidirectional and stable. 
The main objectives of this thesis are: 
1. To explore the designs of a variety of new planar printed antenna structures. 
2. To explore the suitable defected ground structures on the printed antenna to verify the      
enhancement of antenna performance. 
3. To combine both printed antennas and defected ground structures to verify the enhanced 
performance. 
4. To create Printed antennas with defected ground structures and verify the multiple 
bandwidth applications. 
5. To use IE3D software for the printed antenna and defected ground structures designs and 
simulations. 
6. Two different types of printed antennas will be used for this research. 
     The first one will be a set of printed spiral slot antenna and the second one is printed slot 
antenna based on defected ground structures (DGS). Spiral antenna is the type of 
broadband antennas which can be used for transmitting and receiving signals in 
wideband applications. Spiral antennas have been extensively used due to their 
characteristics of broad bandwidth and circular polarization. 
7. To fabricate the models and to verify the performance through measurements. 
8. These printed antennas can be made using planar structures on dielectric substrates two-
dimensional structures. 
9. The proposed antennas will be manufactured and then tested within the LSO facilities 
using broadband ZVA vector network analyzers operating from 10MHz to 67GHz to 
verify the simulated return loss results and by using anechoic chamber to verify the 
radiation pattern and gain. 
10. Antenna testing is important for evaluation of the antenna performance and for    
comparison to the simulation design. 
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1.8 Dissertation Overview 
This dissertation is organized into three main parts. The first part is contained in the first 
two chapters and is primarily a review of previous work and other background materials. The 
second part consists of simulation and experimental results for two types of planar printed 
antennas which studied in chapter three and four and the third part is about the conclusion 
and future work concluded in chapter five. Finally, the contribution to science given in 
chapter six. 
This thesis is composed of six chapters outlined as follows: 
Chapter 1: Introduction 
 Is devoted to the research motivations, contribution of the thesis, and the thesis 
outlines. A short introduction of the relevant literature is presented. 
Chapter 2: planar Printed Antennas and DGS 
Presents a brief history of a planar printed antenna and its types with the suitable feed 
lines and short introduction about substrate materials in microwave range followed with 
defected ground structure introduction.  
 Planar printed antennas are introduced in chapter 2 which concern on the PCB and the 
spiral slot antenna and printed slot antenna are belong to planar printed antennas. 
 The transmission line model and discontinuity, and the feed lines, coupling gaps, and 
resonant structures are modeled and collected together to form an overall equivalent 
circuit. 
 Defected ground structures are presented, a survey of various DGS unit cells is 
introduced. 
 Give an introduction to the background of Printed antennas. The multi-band and 
Wideband techniques of planar-printed antennas are also described, together with the 
results on literature review of wideband antennas. 
The design and extensive simulations of these two types (spiral slot antenna and printed slot 
antenna based on DGS) of antenna are presented in the following chapters. 
Chapter 3: Wideband Planar Printed spiral Antenna Design 
Simpler and smaller wideband slotted printed spiral antenna designs are presented. 
Square shaped spiral with four configurations were studied. In order to excite these wideband 
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slotted spiral antennas, coplanar waveguide feed without the need of baluns were designed 
for four square spirals. 
 Discusses the design procedure to achieve the antenna parameters. 
 A verification of the IE3D for simulation of square spirals is also performed .IE3D is 
used as the primary simulation tool due to its relatively fast run times and versatility 
in regards to geometry input. 
 A square spiral slot antenna was built and measured to validate the simulation tools.  
Chapter 4: Multiband Planar Printed slot Antenna Design 
Discusses the design procedure to achieve the printed slot antenna parameters for 
multiband applications. 
 A verification of the IE3D for simulation of printed slot antenna using DGS is also 
performed. IE3D is used as the primary simulation tool due to its relatively fast run 
times and versatility in regards to geometry input. 
 Printed slot antenna using DGS excited by microstrip line was built and measured to 
validate the simulation tools using IE3D and after fabrication measurements were 
carried out using vector network analyzer and the radiation pattern also measured for 
the operating frequencies for all printed antenna designed.  
 DGS modeling and frequency characteristics are presented. Present the proposed 
multiband planar printed antenna. 
Chapter 5: Conclusion and Future Work 
 Presents a conclusion and suggestions for further work to printed antennas with DGS. 
Provides the overall conclusion of the thesis, followed a brief summary of all the 
designs and suggestions for future work.  
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In this chapter, a briefly reviews to the relevant literature is introduced, on the subject of 
planar printed antennas and defected ground structure (DGS). It comprises of three parts. The 
first part presents an introduction to the planar printed antennas and its popular types (in 
section 2.1). The second part deals with the suitable transmission lines as a good choice for 
planar printed antennas like microstrip lines and coplanar waveguide (in section 2.2), a brief 
introduction about the dielectric substrates is introduced(in section 2.3) . The third part is for 
a brief introduction about defected ground structures and its applications (in section 2.4).  
2.1 Planar Printed Antennas 
Planar structures are the structures that are totally confined in one plane, either the 
ground plane or the metallic plane of the microstrip line itself.  Planar structures might be a 
single layer structure or a multi-layer structure. Planar printed antenna structures have many 
advantages.  
The main advantages of planar printed antennas are: 
• Low profile 
• Compatibility with Integrated Circuit Technology 
• Conformability to a shaped surface 
In addition to the advantages of the printed antenna structures, they are easy to fabricate 
and compatible with hybrid microwave integrated circuits (HMIC) and monolithic 
microwave integrated circuits (MMIC). 
The topic printed /microstrip antenna technology designs had acquired tremendous 
importance by July 1977s [10], and a three-day workshop held at New Mexico State 
University in Las Crises in October, 1979 was dedicated to printed circuit antenna technology 
[11].Some printed antenna concepts are shown in [12-21]. Printed antennas come in many 
forms and so the more appropriate choice for a particular application may not be obvious. 
Printed antennas using unconventional and new innovations such as using metamaterials 
(MTM), defected microstrip structures (DMSs), and defected ground structures (DGSs). 
Replacing a large parabolic dish with a flat microstrip array with a special feeding 
mechanism is also a new area of activity. The design of small wideband antennas with good 
performance is a challenging area.  
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Common Planar Printed Antennas: 
2.1.1 Printed Dipoles 
Conventional thin dipole antenna is the simplest form of a wire antenna. It has been 
implemented using microstrip lines for planar printed antenna application [22], [23]. The 
length of the thin dipole antenna ranges from very short sub-wavelengths to several 
wavelengths. They have very narrow radiation bandwidths. The bandwidth can be increased 
by making the conductors “fatter”. A second method to increase the bandwidth is to coat the 
antenna with a lossy dielectric material [24]. 
Folded dipole is another practical configuration to increase the bandwidth of a dipole. It 
consists of two parallel dipoles connected at the ends forming a very narrow wire loop, which 
is fed at the center of one side. The geometrical behavior tends to behave as a short parallel 
stub line that attempts to cancel off the resonance reactance of a single dipole. Its bandwidth 
can be thought to be the same as that of a single dipole but with an equivalent radius between 
(s/2) and (a) where (s) and (a) are respectively the spacing and radius of the folded dipole. 
Symmetrical and asymmetrical planar folded dipoles can be designed and constructed using 
strips that can be fabricated using planar printed circuit technology [25]. 
2.1.2 Microstrip Antennas 
The most rapidly developing antenna technology is the microstrip antenna technology 
which has quickly evolved from academic novelty to commercial reality and finds wide 
application is personal communication systems (PCS), mobile satellite communications, 
discreet broadcast television systems (DBS) and wide local area networks (WLAN). They 
form the most innovative areas of current antenna work. 
A microstrip device in its simplest form consists of a sandwich of two parallel 
conducting layers separated by a single thin dielectric substrate [26]. The lower conductor 
functions as a ground plane and the upper conductor may be a simple resonant rectangular or 
circular patch, a resonant dipole or a monolithically printed array of patches or dipoles and 
their associated feed network. 
The microstrip patch antenna consists of a radiating patch on one side of a dielectric 
substrate which has a ground plane on the other side as shown in Figure 2.1. The patch is 
generally made of conducting material such as copper or gold and can take any possible 
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shape. The radiating patch and the feed lines are usually photo etched on the dielectric 
substrate. The patch is generally square, rectangular, circular, triangular, and elliptical or 
some other common shape as shown in Figure 2.2. 
 
Figure 2.1. Structure of a microstrip patch antenna. 
 
Figure 2.2. Common configurations of microstrip patch elements. 
The basic configuration of a microstrip antenna is a metallic patch printed at the top of a 
dielectric substrate. The feeding network for the microstrip antenna is either a coaxial line or 
by a coplanar microstrip line. The latter type of excitation allows feed networks and other 
circuitry to be fabricated on the same substrate as antenna element. 
The microstrip antenna radiates a relatively broad beam broadside to the plane of the 
substrate [27]. Thus the microstrip antenna has a very low profile and can be fabricated using 
printed circuit techniques. Microstrip patch antennas are increasing in popularity for use in 
wireless applications due to their low-profile structure. Therefore they are extremely 
compatible for embedded antennas in handheld wireless devices such as cellular phones, 
pagers etc... The telemetry and communication antennas on missiles need to be thin and 
conformal and are often microstrip patch antennas. 
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Advantages and disadvantages of microstrip antennas: 
The main advantages of using microstrip antennas are: 
• Low profile, planar configuration which can be easily     
  made conformal to host surface. 
• Light weight and low volume. 
• Supports both, linear as well as circular polarization. 
• Low fabrication cost, hence can be manufactured in large quantities. 
• Easy integrability into arrays and/or with microwave integrated   circuits (MICs). 
• Polarization diversity 
• Capable of dual and triple frequency operations. 
• Mechanically robust when mounted on rigid surfaces. 
Disadvantages of the conventional microstrip antenna configurations are: 
• Narrow bandwidth 
• Spurious feed radiation 
• Poor polarization purity 
• Limited power capacity 
• Tolerance problems 
• Low efficiency 
• Low gain 
• Extraneous radiation from feeds and junctions 
• Poor end fire radiator except tapered slot antennas 
• Low power handling capacity 
• Surface wave excitation 
Microstrip antennas operate best when the substrate is electrically thick with a low 
dielectric constant. On the other hand, a thin substrate with a high dielectric constant is 
preferred for microstrip transmission lines and microwave circuits. 
Losses in microstrip antennas occur in three ways. They are: 
• Conductor loss 
• Dielectric loss 
• Surface wave excitation [28] 
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Except for extremely thin substrates, conductor and dielectric losses for a microstrip 
element are quite small, usually accounting for no more than a few percent losses in radiation 
efficiency. 
Microstrip patch antennas radiate primarily because of the fringing fields between the 
patch edge and the ground plane. For good antenna performance, a thick dielectric substrate 
having a low dielectric constant is desirable since this provides better efficiency, larger 
bandwidth and better radiation [28]. However, such a configuration leads to a larger antenna 
size. In order to design a compact microstrip patch antenna, higher dielectric constants must 
be used which are less efficient and result in narrower bandwidth. Hence a compromise must 
be reached between antenna dimensions and antenna performance. 
2.1.3 Wideband Printed Antennas 
Inherently wideband printed antennas are typically derived from travelling wave antenna 
concepts. From the IEEE Standard definitions of terms for antennas (IEEE Std 145-1983) 
[29], travelling wave antennas are defined as “an antenna whose excitation has a quasi-
uniform progressive phase, as a result of a single feeding wave traversing its length in one 
direction only”. Thus any antenna that relies on this mechanism to radiate falls into this class. 
The main disadvantages of planar dipoles and microstrip antennas are that they are inherently 
narrow-banded and they fall into the category of resonant antennas where the antenna 
structures accommodate standing waves only at particular frequencies. An antenna capable of 
wide bandwidth is referred to as a broadband antenna and they are capable of bandwidth of 
2:1 (fu: fl). These broadband antennas have traveling waves rather than standing waves. If the 
impedance and the radiation pattern of an antenna do not change significantly over about an 
octave (fu / fl = 2) or more, it is classified as a broadband antenna. Planar printed spiral 
antenna is the most popular broadband antenna because of its planar structure and frequency 
independent characteristics. 
2.1.4 Printed Spiral Antennas 
Spiral antennas, fall under the category of frequency independent antennas. This class of 
antenna is made up of antennas for which pattern, impedance and polarization remain 
virtually unchanged over large bandwidth [30, 31].  Spiral antennas gained a lot of popularity 
due to their circularly polarized radiation with a relatively constant input impedance and 
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radiation pattern over wide frequency range [32]. Furthermore, spiral antennas have been 
used in many applications such as on board satellite, radars and a number of wideband 
communication systems. 
Because of the balanced structure of the two-arm spiral antenna and the unbalanced 
structure of the coaxial cable, and the difference between the input impedance of the spiral 
antenna and the line impedance of the coaxial cable, a balanced–to–unbalanced (balun) 
circuit and an impedance transformer are added to the feeding structure of the spiral antenna 
[33]. 
Recently, coplanar waveguide (CPW)-fed slot antenna has received considerable 
attention owing to its preferable characteristics, easy fabrication and integration with 
monolithic microwave integrated circuits (MMIC), a simplified configuration with a single 
metallic layer [34] low radiation loss and the less dispersion in comparison to a microstrip 
feed. 
Spiral antennas and their variations are usually constructed to be either exactly or nearly 
self-complementary. This yields extremely wide bandwidths of up to 40:1 for both the input 
impedance and radiation patterns. Spiral-shaped antennas are well known to give very 
wideband impedance and radiation responses [35]. The smallest and largest circumference of 
the spiral structure determines their respective upper and lower frequency bandwidths. In 
their traditional form these antennas radiated equally in the planes both above and below the 
spiral radiator (whether in the form of a wire/conductor or a slot). To create a unidirectional 
radiation pattern, spirals were loaded by a lossy cavity. A consequence of such a loading was 
that the volume of the antenna increased dramatically as the cavity depth had to be greater 
than the radius of the spiral, and therefore it was more challenging to integrate these radiators 
into the surfaces of potential platforms.  
Much of the initial work on spiral antennas was published in the late 1950’s and early 
1960’s. The planar equiangular spiral antenna and the log spiral antenna were presented by 
Dyson (1959). Bandwidths of greater than 20:1 were observed with nearly constant 
impedance and pattern performance. Bawer and Wolfe (1960) collected much of the previous 
work on spiral antennas and summarized the performance of the spiral antenna for variations 
in different parameters. They looked at the equiangular, Archimedean, and square spiral 
antennas.  
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Most of the early work on spiral antennas was based on experiment and the band theory. 
The band theory essentially means that the spiral operates in the region where the 
circumference of the spiral is equal to a wavelength. In the early 1960’s more rigorous 
mathematical explanations were pursued. Curtis (1960) derived the radiation patterns for an 
Archimedean spiral by approximating the spiral as a series of semicircles. Wheeler (1961) 
looked at the radiation from various regions of an equiangular spiral using a similar technique 
to Curtis, but without the semicircle approximation. A more general explanation of the spiral 
antenna was given by Cheo, et al (1961). They solved Maxwell’s equations for an 
equiangular spiral consisting of an infinite number of coplanar arms. It was found that the 
frequency independent behavior of the spiral is dependent on the curvature of each arm of the 
spiral. 
In the early 1990s, a low-profile spiral was developed that significantly reduced the 
depth of the antenna [36]. Here a wideband printed spiral antenna was developed using a 
grounded laminate of thickness comparable to that used for microstrip patch antennas over 
the same frequency range. The key to obtaining a good impedance response and radiation 
performance from this low-profile spiral was to incorporate an absorbing material around the 
perimeter of the spiral conductor and also include the design of a wideband balun. 
Spiral antennas usually consist of a thin metal foil spiral pattern etched on a substrate, 
usually fed from the center and typically backed by a lossy cavity. The lossy cavity improves 
the low frequency impedance behavior and axial ratio of the spiral by reducing reflections 
from the end of the each arm of the spiral. The lossy cavity also absorbs the back radiation 
from the spiral providing for a larger pattern bandwidth by reducing the reflection from the 
ground plane that causes pattern nulls. Spirals with bandwidths of 9:1 or greater are common. 
The bulk of the lossy cavity and the gain reduction due to the loss are the two major 
drawbacks of using a cavity-backed spiral. As a result, conductor backed spirals have gained 
some popularity for certain applications. Experiments have shown a 1:2:1 circular 
polarization bandwidth for conductor backed spiral antennas (Nakano, et al., 1986 and Wu, 
1994). For very low profile designs a slot spiral can be used to further reduce the height of 
the antenna. Slot spirals with bandwidths of 25:1 and depths of one hundredth the wavelength 
of the lowest frequency have been demonstrated (Nurnberger and Volakis, 1999).  
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The Archimedean spiral and equiangular spiral or log spiral antennas are two classical 
types of spiral antennas shown in Figure 2.3 and Figure 2.4 respectively. 
The different types of spiral antenna configurations are shown below. Figure 2.3 shows 
the two different Archimedean spiral configurations, the Archimedean circular spiral [37] and 
Archimedean square spiral [38].The circular spiral pattern produces a smooth change when 
the current adjusts with frequency. 
 
(a) Archimedean circular spiral   [37]                  b) Archimedean Square spiral [38] 
Figure 2.3. Archimedean spiral configurations. 
Figure 2.4 [39] shows the equiangular spiral antenna configurations. 
 
a) 2-arm equiangular spiral plate b) 2-arm equiangular spiral slot 
Figure 2.4. Equiangular spiral antenna configurations. 
The equiangular spiral shown in Figure 2.4a is one geometrical configuration whose 
surface can be described by angles. It fulfills all the requirements for shapes that can be used 
to design frequency independent antennas. The two arms are exponentially proportional to 
the polar angle. 
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2.1.5 Printed Slot Antennas 
Printed slots are the magnetic equivalent of a printed dipole radiator. Because of the 
presence of the inherent ground-plane these printed antennas are more common than their 
dipole counter parts. Slot antennas can also be called as complimentary forms of wire or 
dipole antennas as the pattern and impedance data of these forms can be used to predict 
pattern and impedance of a slot antenna, according to Babinet's principle [39]. Slot antenna 
has the attractive advantages such as low profile, light weight, easy fabrication and wide 
bandwidth, which can be used for wideband communication systems. This type of antenna 
can also been realized by using microstrip-fed and CPW-fed.  Slot antenna usually consists of 
a metal surface in which a slot is cut out and which when operated at a particular frequency 
by using different feeding methods such as coaxial feed, microstrip line feed, etc.  
Slot antenna radiates electromagnetic waves similar to a dipole antenna. In a slot antenna 
the current is not confined to the edges of the slot, but spread out over the entire metal 
surface. The radiation pattern of dipole and slot are the same but with the E field and H field 
interchanged [40]. They are typically used at frequencies of 300MHz to 30GHz. The slot 
sizes are approximately half wavelength long similar to a dipole antenna. The radiation 
pattern of a slot antenna is generally bidirectional and is determined by the shape and size of 
the slot (i.e., it will radiate equally in both the directions) [41]. 
A simple slot antenna does not have any side lobes, and is thus a pretty efficient radiator. 
Slot antenna is also affected by the size of its ground plane and its radiation pattern depends 
on the finite size it has [42].One other practical advantage of slot antenna is that the feed 
section which energizes the slot may be placed below the large metal surface in which the 
slot is cut. Thus nothing needs to be extended from the surface. Due to the various advantages 
provided by slot antennas they are used more frequently for more and more applications 
nowadays, and vary according to the application required.  
When a patch antenna is incorporated on the top of thin dielectric layer, the performance 
of the antenna becomes poor. On the other hand, the electromagnetic dual of a dipole 
antenna, the slot antenna provides a wider bandwidth with less dependence on substrate 
thickness. The current of a slot antenna is distributed on a metal sheet around the slot and so 
less energy is stored between the antenna and ground plane. They are also superior to dipole 
and patch antennas since they have low cross polarization and less surface wave losses [43]. 
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The main limitation for the bandwidth of microstrip-fed slot radiator is the slot reactance. 
The bandwidth is in the range of 5% - 10 % and its VSWR is less than 2. Designing a suitable 
feed network can also increase the bandwidth. This can be further increased to 47% for 
unshielded slots and to 24% in the case of the cavity-backed radiators [44]. 
There exists a unique relationship between the slot antenna and its complementary dipole 
and so various broadband dipole configurations find complementary slot antenna versions. 
The bandwidth for a slot antenna is same as the complimentary dipole antenna. 
Folded slot antennas have been implemented as the dual of folded dipole antennas 
having wider bandwidth and low input impedance [45]. Widening the slot width similar to 
the case of increasing the thickness of dipole antenna can further increase the bandwidth of 
the slot antenna. The bandwidth of the cavity-backed slot antenna (VSWR <=2) was 
increased to 35% by widening the slot width up to 3/10 of its length and by using a coaxial 
cable of center strip as a second radiator [46]. Increasing the number of radiating slots, which 
also increases the directivity, can also increase the bandwidth. Santiago Sierra-Garcia and 
Jean-Jacques Laurin [47] were able to increase the bandwidth from 4% for a single slot to 
20% for the slot array and in this case, three-element log-periodic slot array was considered. 
Figure 2.5 shows the various slot antennas with both microstrip-fed and CPW-fed. 
 
Figure 2.5. Slot antennas with microstrip-fed and CPW-fed. 
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2.1.6 Printed Monopole Antennas 
 Printed Monopole antenna offers large bandwidth and hence they have large attention 
among the all type of printed antennas recently. Microstrip antenna consists of radiating patch 
printed on grounded low loss substrate. The printed monopole antenna can be of various 
shapes but rectangular and circular shapes are mostly used .Several wideband printed 
monopole antennas with various shapes have been used in simple and hybrid forms. These 
antennas feature controllable bandwidth, good radiation properties, low profile and simple 
structure [48]. Figure 2.6 shows the monopole antennas with: a) planar-monopole antennas 
with CPW-fed, b) planar-monopole antennas with microstrip-fed. 
  
a) Monopole antennas with CPW-fed b) Monopole antennas with microstrip-fed. 
Figure 2.6.  Monopole antennas with: a) CPW-fed, b) microstrip-fed. 
Compared with microstrip-fed monopole antennas, the antennas with coplanar 
waveguide (CPW) fed have several advantages including:  
(1) Easy to fabricate and integrate into circuits. 
(2) Extremely high operating-frequency range. 
(3) Good circuit isolation.  
(4) Constant characteristics impedance.  
CPW-fed monopole antennas have also been used to achieve wideband operation. 
A printed monopole antenna is known as an antenna that can implement low VSWR in 
wide bands. Conventional quarter wave monopole when printed on a dielectric substrate act 
like a printed monopole. The radiating element can be a strip or a patch of any shape such as 
circular, rectangular etc. Fractal geometries are also being used for achieving wideband or 
multiband responses. 
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2.2 Feeding Techniques 
Printed antennas can be fed by a variety of methods. These methods can be classified 
into two categories- contacting and non-contacting. In the contacting method, the RF power 
is fed directly to the radiating element of printed antenna using a connecting element such as 
a microstrip line. In the non-contacting scheme, electromagnetic field coupling is done to 
transfer power between the microstrip line and the radiating patch. The four most popular 
feed techniques used are the microstrip line, coaxial probe (both contacting schemes), 
aperture coupling and proximity coupling (both non-contacting schemes). 
Power can be coupled in or out of an antenna by a variety of methods that can be broadly 
classified to contacting and non-contacting. Contacting feeds means direct connection of a 
transmission lines, can be coax or microstrip lines to the patch antenna. The input impedance 
depends on the location of the connection within the patch boundaries, which provides a 
commonly used of impedance matching. Moreover, for non-contacting feeds electromagnetic 
fields coupling used to transfer the power between feed lines and the radiating patch. The 
non-contacting feed is hard to design but provides more degree of freedom than contacting 
feed. The four most popular techniques used are microstrip lines, coaxial probe, aperture 
coupling, and proximity coupling. 
Different feed lines are used for planar printed antennas.  
They are 
• Microstrip lines 
• Strip lines 
• Co-Planar Waveguides (CPW) 
Microstrip lines and Co-Planar Waveguides (CPW) are the most popular use in the planar 
printed antennas and will discussed in more details in the following : 
2.2.1 Microstrip Line Feed 
Microstrip line is a conductor of width W printed on a thin grounded dielectric substrate 
of thickness h and relative permittivity, 𝜀𝑟. Microstrip line is used as a feeding technique for 
inset feed. Moreover, the electrical properties which are the permittivity and permeability can 
also be achieve using this method. The diagram of the microstrip line is shown in Figure 2.7. 
 




Figure 2.7. Microstrip line with width W and thickness h. 
In this type of feed technique, a conducting strip is connected directly to the edge of the 
microstrip patch as shown in Figure 2.8. The conducting strip is smaller in width as compared 
to the patch and this kind of feed arrangement has the advantage that the feed can be etched 
on the same substrate to provide a planar structure. The method is easy to fabricate because it 
only need a single layer substrate and no hole. 
 
Figure 2.8.  Microstrip antenna with a microstrip feed. 
2.2.2 Coplanar Waveguide Feed Structure 
Feed line is one of the important components of printed antenna structure. One type of 
feed line that is becoming popular apply to printed antenna is coplanar waveguide structure. 
A coplanar waveguide structure consists of a median metallic strip of deposited on the 
surface of a dielectric substrate slab with two narrow slits ground electrodes running adjacent 
and parallel to the strip on the same surface as shown in Figure 2.9. This transmission line is 
uniplanar in construction, which implies that all of the conductors are on the same side of the 
substrate.  
 




Figure 2.9. Coplanar waveguide feed structure. 
 Coplanar Waveguide Feed Structures have many features such as low radiation loss, less 
dispersion, easy integrated circuits and simple configuration with single metallic layer, and 
no via holes required. The CPW fed printed antennas have recently become more and more 
attractive because of its some more attractive features such as wider bandwidth, better 
impedance matching, and easy integration with active devices or monolithic microwave 
integrated circuits. Etching the slot and the feed line on the same side of the substrate 
eliminates the alignment problem needed in other wideband feeding techniques such as 
aperture coupled and proximity feed.  
Co-planar waveguide has the advantage of low radiation losses, less dispersion and easy 
insertion of active and passive components [49], [50], [51] when it is used as a feed network 
for the printed slot antenna. The characteristic impedance and phase velocity of CPW has less 
dependence on substrate height but they have more dependence on the dimensions in the 
plane of conducting surface [52]. No via holes or ground plane are needed for CPW fed lines 
since their design is uniplanar. 
The different feeding mechanism reported for CPW – fed printed slot antennas are 
• One-wavelength center-fed/offset fed [53, 54] 
• Half-wavelength capacitively coupled fed [55] 
• One wavelength inductively coupled [47] 
• Multiple folded slot antenna [47] 
A printed slot antenna radiates preferentially into the substrate with a ratio of εr 2/3 over 
the power radiated to outside. B.K.Kormanyos, W.Harokopus, L.P.B.Katehi and G.M. Rebeiz 
[42] showed that printed slot antenna radiates only 2% of its power to its airside when placed 
on a silicon substrate having εr = 12. The power radiated back into the substrate excites 
surface waves if a CPW or microstrip line is used as a feed line on a thick substrate. Figure 
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2.10 [47] shows the different feeding mechanisms for available for a CPW-fed printed slot 
antenna. 
  
  (a) One-wavelength center-fed                (b) One-wavelength offset fed 
  
  (c) Half-wavelength capacitively fed   (d) Multifolded 
Figure 2.10. Existing topologies of CPW-fed printed slot antenna [47]. 
The dielectric substrate is the mechanical back bone of the planar printed antennas with 
its transmission lines. It provides a stable support for the conductor strip and patches that 
make up connection lines, resonators, and antennas. It ensures that the components that are 
implemented are properly located and firmly held in place; just as in printed circuits for 
electronics at low frequencies. The substrate also fulfills an electrical function by 
concentrating the electromagnetic fields and preventing unwanted radiation in circuits. The 
dielectric is an integral part of the connections transmission lines and deposited components: 
its permittivity and thickness determine the electrical characteristics of the circuit or of the 
antenna.  
2.3 Dielectric Substrate Materials 
The relative permittivity, εr of dielectric substrate is in the range 2 to 10 but variety of 
material can be used depend on the application. Air or low density foam offers the lower lost 
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and higher radiation efficiency, but higher permittivity substrates results in smaller element 
and broaden radiation pattern. Therefore, a good performance antenna has to be thicker 
substrate whose lower dielectric constant but affects larger in antenna size. In order to design 
a compact planar printed antenna, higher dielectric constant must be used results in lower 
efficiency. There are some important parameters of dielectric substrate in order to design the 
microstrip transmission line or any others antennas, which are: 
• Dielectric constant 
• Dielectric loss tangent 
• Cost 
• The thickness of the copper 
Important qualities of the dielectric substrate include 
 The microwave dielectric constant 
 The frequency dependence of this dielectric constant which gives rise to "material 
dispersion" in which the wave velocity is frequency-dependent 
 The surface finish and flatness 
 The dielectric loss tangent, or imaginary part of the dielectric constant, which sets the 
dielectric loss 
 The cost 
 The thermal expansion and conductivity 
 The dimensional stability with time 
 The surface adhesion properties for the conductor coatings 
 The manufacturability (ease of cutting, shaping, and drilling) 
 The porosity (for high vacuum applications we don't want a substrate which 
continually "outgasses" when pumped) 
Types of substrate include plastics, sintered ceramics, glasses, and single crystal 
substrates (single crystals may have anisotropic dielectric constants; "anisotropic" means they 
are different along the different crystal directions with respect to the crystalline axes.). 
2.3.1 Common Substrate Materials 
 Plastics are cheap, easily manufacturable, have good surface adhesion, but have poor 
microwave dielectric properties when compared with other choices. They have poor 
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dimensional stability, large thermal expansion coefficients, and poor thermal 
conductivity. 
o Dielectric constant: 2.2 (fast substrate) or 10.4 (slow substrate) 
o Loss tangent 1/1000 (fast substrate) 3/1000 (slow substrate) 
o Surface roughness about 6 microns (electroplated) 
o Low thermal conductivity, 3/1000 watts per cm sq  per degree  
 Ceramics are rigid and hard; they are difficult to shape, cut, and drill; they come in 
various purity grades and prices each having domains of application; they have low 
microwave loss and are reasonably non-dispersive; they have excellent thermal 
properties, including good dimensional stability and high thermal conductivity; they 
also have very high dielectric strength. They cost more than plastics. In principle the 
size is not limited. 
o Dielectric constant 8-10 (depending on purity) so slow substrate 
o Loss tangent 1/10,000 to 1/1,000 depending on purity 
o Surface roughness at best 1/20 micron 
o High thermal conductivity, 0.3 watts per sq cm per degree K 
 Single crystal sapphire is used for demanding applications; it is very hard, needs 
orientation for the desired dielectric properties which are anisotropic; is very 
expensive, can only be made in small sheets; has high dielectric constant so is used 
for very compact circuits at high frequencies; has low dielectric loss; has excellent 
thermal properties and surface polish. 
o Dielectric constant 9.4 to 11.6 depending on crystal orientation (slow 
substrate) 
o Loss tangent 5/100,000 
o Surface roughness 1/100 micron 
o High thermal conductivity 0.4 watts per sq cm per degree K 
 Single crystal Gallium Arsenide (GaAs) and Silicon (Si) are both used for monolithic 
microwave integrated circuits (MMICs). 
o Dealing with GaAs first we have..... 
 Dielectric constant 13 (slow substrate) 
 Loss tangent 6/10,000 (high resistivity GaAs) 
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 Surface roughness 1/40 micron 
 Thermal conductivity 0.3 watts per sq cm per degree K (high) 
GaAs is expensive and piezoelectric; acoustic modes can propagate in the 
substrate and can couple to the electromagnetic waves on the conductors. 
o Now dealing with Silicon we have..... 
 Dielectric constant 12 (slow substrate) 
 Loss tangent 5/1000 (high resistivity) 
 Surface roughness 1/40 micron 
 Thermal conductivity 0.9 watts per sq cm per degree K (high) 
The dielectric strength of ceramics and of single crystals far exceeds the strength of 
plastics, and so the power handling abilities are correspondingly higher. 
2.4 Defected Ground Structures (DGS) 
The PBGs, employed in electromagnetic (EM) applications, are now referred to as 
electromagnetic band gap (EBG) structures [56]. They are actually artificial periodic 
structures exhibiting an unusual property of preventing EM waves from propagating through 
them over a range of frequencies, termed as “stopband” and allowing EM waves to propagate 
through them over a range of frequencies, termed as “passband.”  
Planar Electromagnetic Bandgap (EBG) structures and Defected Ground Structure 
(DGS), which have etched defects in metallic ground plane, is one of the most interesting 
areas of research nowadays. The photonic bandgap (PBG) research was done in the optical 
fields originally, but recently, there has been an increasing interest in microwave and 
millimeter-wave applications of EBG circuits. EBG Structures having periodic arrangements 
of metallic [57], dielectric [58] or metallodielectric bodies [59, 60] with a lattice period p=n 
(λg/2), λg being the guide wavelength, are found to exhibit EBG behavior. Their periodicity 
may be broadly categorized into three groups: (1) three-dimensional (3D) [60]; (2) two 
dimensional (2D) [61–63]; and (3) one-dimensional (1D) [64]. A 2D planar EBG structure, 
shown in Figure 2.11 (a), is actually a repetitive pattern of circular unit cells etched out on the 
ground plane of a printed transmission line. A simplified 1D variation of Figure 2.11(a) is 
shown in Figure 2.11 (b). 
 
 




Figure 2.11. Planar EBG structure ;(a) Periodic two-dimensional (2D) etched circular pattern 
on the ground plane of a microstrip transmission line, (b) periodic one dimensional (1D) 
etched pattern on the ground plane of a microstrip transmission line [64]. 
For a printed microwave circuit and transmission line, its ground plane appears to be the 
most suitable choice to implement an EBG as a printed pattern. In 1999, a group of 
researchers further simplified the geometry and discarded the periodic nature of the pattern. 
They simply used a unit cell of dumbbell shape to achieve considerable stopband in C and X-
bands for a microstrip line and in their introductory paper [65], they called it a “PBG unit 
structure.” In their subsequent article [66], the same structure was termed as “Defected 
Ground Structure” (DGS). Therefore, a DGS may be regarded as a simplified variant of a 
printed EBG on a ground plane. 
Since 2001, Defected Ground Structure (DGS) has been proposed [67]. Its idea is based 
on etching a certain unit cell in the ground plane of a microstrip line. This unit cell acts as a 
resonator and hence effectively adds a pole to any DGS application. By proper choice of 
DGS dimension, their bandstop behavior can be targeted to any out-of-band spurs, thus 
increasing the circuit performance with an effectively decreased area.  
Defected Ground Structure (DGS), as the name implies, refers to some compact 
geometries, commonly known as a “unit cell” etched out as a single defect or in periodic 
configuration with small period number on the ground plane of a microwave printed circuit 
board (MPCB) to attribute a feature of stopping wave propagation through the substrate over 
a frequency range. Thus a DGS can be described as a unit cell EBG or an EBG with limited 
number of cells and a period. The DGS slots are resonant in nature. They have different 
shapes and sizes with different frequency responses and equivalent circuit parameters. The 
presence of a DGS under a printed transmission line actually perturbs the current distribution 
in the ground plane and thus modifies the equivalent line parameters over the defected region. 
Thus it influences the guided wave characteristics and is found to exhibit (1) bandgap 
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properties as revealed due to EBG structures; and (2) a slow wave effect, which helps in 
compacting the printed circuits. DGS can be classified into two categories depending on their 
configurations: (1) single unit cell DGS; and (2) uniform or non-uniform periodic 
arrangement of unit cells [68]. 
2.4.1 Different DGS Unit Cells 
Some simple and complex type unit cell DGSs are shown in Figure 2.12. They are 
utilized to implement filters, suppress unwanted surface waves, and control harmonics in 
microstrip antennas, compact microwave circuits and other microwave applications. Different 
geometries have been explored with the aim of achieving improved performance in terms of 
stopband and passbands, compactness and ease of design. 
 
Figure 2.12. Different DGS slot geometries: (a) dumbbell-shaped (b) spiral-shaped (c) H-
shaped (d) U-shaped (e) arrow head dumbbell (f) concentric ring shaped (g) split-ring 
resonators (h) interdigital (i) cross-shaped (j) circular head dumbbell (k) square heads 
connected with U slots (l) open loop dumbbell (m) fractal (n) half-circle (o) V-shaped (p) L-
shaped (q) meander lines (r) U-head dumbbell (s) double equilateral U (t) square slots 
connected with narrow slot at edge[68]. 
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2.4.2 Dumb-Bell Shaped DGS 
Figure 2.13 shows the DGS structure proposed by [67], it consists of a microstrip line 
and a dumb-Bell shaped defect, with rectangle heads, etched in the ground plane underneath a 
50 ohm microstrip line. The dumb-Bell has narrow and wide etched areas in the backside 
metallic ground plane, which disturbs the shield current distribution and gives rise to 
increasing the effective capacitance and inductance of the transmission line. Thus, the DGS 
section is fully described by the etched slot width, length and head area in case of slots with 













Figure 2.13. Three-dimensional view of the dumbbell shaped DGS. 
2.4.3 DGS Modeling 
Defected ground structures (DGS) have recently attracted the attention of many 
researchers due to their attractive features and ease of modeling and design. Different 
equivalent circuits and modeling methods have been used to represent these DGS and to use 
them in more complex structures and applications.  
In order to model a unit DGS, a microstrip line placed on a DGS shows stopband(s) in its 
transmission characteristics. It is of interest to find out why. Both qualitative and quantitative 
analyses are essential to understand the working principle of a DGS. A defect indeed changes 
the current distribution in the ground plane of a microstrip line, giving rise to an equivalent 
inductance and capacitance. Thus a DGS behaves like an L-C resonator circuit coupled to the 
microstrip line. When an RF signal is transmitted through a DGS-integrated microstrip line, 
strong coupling occurs between the line and the DGS around the frequency where the DGS 
resonates.  
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Obviously, it happens if the transmitted signal covers the resonant frequency of the DGS, 
and most of the signal is stored in its equivalent parallel LC resonator. This indirectly 
indicates the bandstop feature of a defect in ground plane. The LC parameters are determined 
by the shape and size of the defect geometry. A quantitative analysis is necessary to obtain an 
efficient design specified for different frequencies. An equivalent circuit may help one in this 
regard. Alternatively, a commercial full wave simulator may be used to characterize a circuit 
with DGS and to optimize it on a trial and error basis. But this is a time-consuming process 
particularly when a large structure or a large number of units are to be dealt with. Therefore, 
efficient modeling using equivalent circuit appears to be a useful solution to handle this issue 
in a simplified way.  
Modeling using equivalent circuit method can be classified into three categories: 
1. Transmission line modeling; 
2. LC and RLC circuit modeling 
3. Quasi-static modeling. 
In order to apply the DGS section to a practical circuit design example, it is necessary to 
extract its equivalent circuit parameters. 
To explain the cutoff and attenuation pole characteristics simultaneously, the equivalent 
circuit should exhibit performances of low-pass and bandstop filter simultaneously. Thus a 
parallel LC resonator, as shown in Figure 2.14, can model the response of the DGS section. 
 
Figure 2.14. Equivalent circuit of the DGS, where dotted region is the DGS model [67]. 
The reactance value of the DGS can be expressed as follows: 







    
  
                                                       (2.1) 
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where 0 is the resonance angular frequency of the parallel LC resonator, which corresponds 
to the attenuation pole. 
 
Figure 2.15. Butterworth-type one pole low pass filter [67]. 
The series inductance of the Butterworth low-pass filter, shown in Figure 2.15, is derived as 
follows: 
                                                      0 1LX Z g                                                                    (3.2) 
where denotes the normalized angular frequency, 0Z  denotes the scaled impedance level of 
the in/out terminated ports, and 1g , is given by the prototype value of the Butterworth-type 
low-pass filter given by various references [69]. In order to have the low-pass filter 
characteristics, the equivalent circuit of the DGS, shown in Figure 2.13, should be equal to 
the prototype low-pass filter, shown in Figure 2.14, at a certain frequency. The equality at the 
cutoff frequency of the low-pass filter is given by the following: 
                                            1| |cLC LX X                                                                       (2.3) 
From the above equality, the series capacitance of the equivalent circuit, shown in Figure 
2.13, can be obtained as follows: 










                                                         (2.4) 
Once the capacitance value of the equivalent circuit is extracted, the equivalent inductance 
for the DGS can be calculated by the following: 
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                                                                          (2.5) 
where 0f  is the frequency of the attenuation pole and C is the extracted capacitance value.  
The derived equivalent circuit model and parameters for the DGS can be directly adapted to 
design a practical circuit. 
2.4.4 DGS Applications to Printed Circuits 
DGS has been used in literature to refer to a unit cell in the ground of a microstrip line or 
to an array of unit cells. On the other hand, when PBG is stated it refers to a complete 2-D 
lattice in the ground plane. This is the main difference between PBG and DGS terminologies. 
In addition, since only a few DGS elements show the typical properties of periodic 
structures, the resultant circuit size becomes relatively small. Furthermore, DGS structure is 
simple and it is easy to design its pattern. For the previously stated reasons, the DGS has been 
extensively applied to design microwave circuits such as filters, power dividers, couplers, 
amplifiers, oscillators, etc. 
Defected ground structures (DGS) have been widely used for various microwave 
applications, which may be broadly categorized as:  
(1) DGS for microwave printed circuits; and  
(2) DGS for printed antennas. 
The defected ground structures (DGS) can be applied to microwave printed circuits such 
as; printed microwave filters, power amplifiers, oscillators, and so forth or printed antennas.  
Shapes and sizes of the DGS structure depend on the desired operating frequency and the 
required performances. There have been many papers treating application of DGS. Some of 
them are suppression of cross polarization [70], reduction of harmonics [71], and 
reconfigurable DGS [72], which has a potential of a number of applications, where the 
reconfiguration performance is required. Since its inception, the DGS has been popular 
mainly for printed circuit applications. Initial DGS applications for microstrip antennas 
exploited the filter properties associated with the microstrip feed line. DGS-integrated patch 
antenna was first examined in 2005 to improve the radiation properties of a single element. 




































Wideband Planar Printed 
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In this chapter, a novel wideband planar printed antenna design based on the two 
elements of square spiral slot for four configurations is presented. Printed square spiral slot 
antenna approach studied which consisted of two phase-shifted square spiral slot elements 
and fed by inductively coupled CPW connected to the end terminal of spiral slots. Applying 
corner truncation as defects to the spiral slots improved the impedance bandwidth.   
The comparative results provided for all antenna configurations with different corner 
truncations. The printed square spiral slot antenna was simulated and measured to investigate 
the practical parameters in the designed frequency band. The antenna prototypes were 
fabricated on FR4 substrate with thickness of 1.6 mm and relative permittivity (εr) of 4.4. The 
frequency bandwidth of this antenna is defined as a bandwidth within which the ΓdB is less 
than -10 dB (ΓdB is the parameter most often measured on a network analyzer, and Return 
Loss, which is simply = -ΓdB). Analysis for all printed spiral slot antenna shapes were done 
by IE3D Simulator based on the method of moments. The measurements of the return loss 
and radiation pattern were obtained for all four types of the printed square spiral slots and 
compared with the calculated results. 
This chapter is organized as follows; Section 3.1 presents briefly the description of the 
planar printed spiral antenna. Section 3.2 concern about the design process and fabrication 
process for the implementation of planar printed spiral antenna. Section 3.3 introduce the 
comparative study of the simulated and measured results for the printed spiral slot antenna 
with the different configurations. Finally in section 3.4, conclusions of this chapter are 
outlined and presented.  
3.1 Planar Printed Spiral Antenna  
Spiral antennas reveal a set of qualities that distinguish them from the rest of the 
analyzed antennas. Firstly, the main benefit of spiral antenna is its potential to emit in a 
circular polarization. That is a very important parameter, because this really distinguishes a 
broad Band antenna from a narrowband antenna. At very high frequencies the polarization 
becomes elliptically, reflecting its good efficiency through a wide bandwidth range. Also, the 
directivity is illustrated by a single beam; thus expressing its high concentration of power 
through a direction. The radiation pattern of such an antenna will radiate perpendicularly to 
its plane, which is a wished aspect again. In a parallel way, bi-directional radiation will be 
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provided, thus the use of a ground plane to reflect the RF waves is a mostly wanted effect. 
VSWR is rarely higher than two for the intended bandwidth, especially when the frequency is 
augmented; hence enabling a matching with the transmission line. Note that longer spiral 
arms tend to be more efficient while radiating. 
The Archimedean spiral antenna originated by E.M Turner belongs to the class of 
frequency independent antennas. The antenna characterized with extreme wideband radiation 
characteristics is essentially equivalent to the log-spiral antenna. The Archimedean spiral 
antenna has many applications which include use in wideband measurement systems, 
direction finding, broad Band L to Ku band satellite communication services and antenna 
arrays. This is possible because it has a wide beamwidth and exhibits circular polarization 
(left or right circular polarization). In the case of antenna arrays, an array offers significant 
advantages over individual wideband antennas. These advantages include increased gain and 
greater control over the radiation pattern. 
The Archimedean square spiral antenna cannot be considered to be truly frequency 
independent because the spacing between adjacent arms is specified by a constant and not an 
angle. However, this is a moot point because essentially frequency-independent performance 
is commonly achieved over high frequencies i.e. 10:1 bandwidths. The Archimedean spiral 
antenna can therefore be called a quasi-frequency independent antenna.  
The Archimedean spiral antennas are easily constructed using printed circuit techniques. 
The properties of the Archimedean spiral antenna are similar to that of the equiangular planar 
spiral antenna. A single main beam can be obtained by placing a circularly cylindrical cavity 
on one side of the spiral forming a cavity-backed Archimedean spiral antenna. Commercially 
available cavity-backed Archimedean spiral antennas have a 90 degree half-power beam 
width, VSWR of 2:1 and axial ratio of polarization on bore sight of 1.1 over a bandwidth of 
10:1. Due to it’s tightly wound arms, self-scaling is more obvious and extremely wide 
bandwidth can be achieved. The two arms of the Archimedean spiral are linearly proportional 
to the polar angle. Slot type Archimedean spiral which is the dual of the strip type 
Archimedean spiral is the perfect choice for thin film wide bandwidth planar antenna 
applications of three dimensional monolithic microwave integrated circuits (3D MMIC). 
An Archimedean spiral is a spiral named after the 3rd-century-BC Greek mathematician 
Archimedes. It is the locus of points corresponding to the locations over time of a point 
moving away from a fixed point with a constant speed along a line which rotates with 
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constant angular velocity. This Archimedean spiral is distinguished from the logarithmic 
spiral by the fact that successive turnings of the spiral have a constant separation distance, 
while in a logarithmic spiral these distances form a geometric progression. 
The spiral antenna has features of compact size, light weight and low wind resistance. 
Size reduction of spiral antennas has been considered for many years. Material loading is one 
way to reduce the size but material loss and weight can be a problem in some applications. 
Slow-wave spiral techniques were developed to overcome the problems inherent in material 
loading. Adding some type of high frequency profile, such as a zigzag or sine wave, to the 
spiral and increasing the circumference of the spiral, such as the square spiral, are ways of 
producing a slow-wave spiral. The radiation zone for a specific wavelength is moved closer 
to the center of the spiral when slow-wave techniques are employed. This effectively reduces 
the velocity of propagation along the length of the spiral, which reduces the low frequency 
cutoff of the spiral providing for size reduction. The low frequency cutoff may also be 
reduced by terminating the end of each arm of the spiral with resistive loads to reduce 
reflections from the end of the spiral, but these reduces efficiency and thus gain. 
Figure 3.1 shows the planar printed spiral antenna system which consist from 3 units 
1. Spiral antenna (PCB) 
2. Feeding circuit (Balun) 
3. Absorber loaded (Cavity) 
 
Figure 3.1. Planar printed spiral antenna system. 
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3.2 Implementation of Planar Printed Spiral Antenna 
The implementation of planar printed square spiral slot antenna was made in:  
 Design (IE3D electromagnetic simulator ) 
 Fabrication  
This section will review the overall design strategy which may be followed for any 
printed antenna design. At the design part, a printed circuit board (PCB) was designed as a 
platform for the antenna itself; then, its printing on the PCB corresponds to the first part of 
the fabrication process. Subsequently, the next part was the implementation of SMA 
connector to CPW feed with the spiral slot arms of the antenna. The spiral arms and its CPW 
feeder were fabricated on a single-layer printed circuit board (PCB) with extremely low 
manufacturing cost. The antenna is compact in size with overall dimensions (40 mm×65 
mm). Fabrication of the antenna was done using wet-etching at first stage but finally the more 
accurate LPKF Laser (dry-etching) method is used on FR-4 dielectric. The two stages of 
implementation are described ahead. 
3.2.1 Design of Printed Antenna (IE3D electromagnetic simulator) 
In a first stage, the use of IE3D software was crucial to create the initial outline geometry 
of printed spiral slot antenna. There are four prototypes of printed spiral slot antenna are 
designed, all of the designed antennas have the same structure and dimensions, but different 
in the shape based on corner truncated of spiral slots. In all planar printed square spiral slot 
antenna configurations, coplanar waveguides on a dielectric substrate of finite thickness are 
used as feeding structures.  The proposed antenna consists of two spiral slots with a coplanar 
waveguide (CPW) feeding structure. The antenna and its feeder are fabricated on a single-
layer printed circuit board (PCB) with extremely low manufacturing cost. The antenna is 
compact in size with overall dimensions (40 mm×65 mm). The antenna is fabricated on FR4 
substrate (FR4: an abbreviation for Flame Retardant 4). The antenna characteristics of the 
spiral slot are calculated by using the electromagnetic simulator IE3D software which is 
based on the method of moments (MOM).  
The different types of designed printed square spiral slot antenna configurations are: 
The printed square spiral slot antenna design was slightly modified into four different 
variations.  All of them were simulated and designed by IE3D software.   
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The layout of four antenna configurations are shown in Figures 3.2 (a, b, c, and d). All 
four layouts of the proposed printed square spiral slot antenna are shown in Figure 3.2.  
 
a. Printed square spiral slot antenna layout. 
 
b. Lower corner truncated square spiral slot antenna layout. 
 
c. Upper corner truncated square spiral slot antenna layout  
 





d. Corner truncated square spiral slot antenna layout. 
Figure 3.2. Printed square spiral slot antenna configurations 
layout. 
As shown in Figure 3.2, four configurations of the printed square spiral slot antenna 
layout is presented. The planar printed square spiral slot antennas designed and simulated by 
using IE3D electromagnetic simulator software based on the method of moments (MoM). For 
the layout of the printed square spiral slot antennas, the white layer of the model is the 
substrate held along PCB. The blue layer is made of copper – in order to enable the electrical 
conduction. One can also see that the two arms are suspended in free space; therefore, they 
are also part of the substrate. Actually, that means they will work as two spiral slots.  
Structure and Dimensions of Printed Square Spiral Slot Antenna: 
The complete design of square spiral slot antenna is represented in Figure 3.3. Which 
show the geometrical view of the printed square spiral slot antenna structure designed by 
IE3D software. The overall main structure of the printed square spiral slot antenna is shown 
in Figure 3.3. As can be seen from the geometrical view, the printed square spiral slot 
antenna structure consists of two square spiral slot elements. Spiral slots are wound in 
clockwise direction and one spiral element is shifted with 180o comparing to the other. This is 
similar to the concept of two arm spiral antenna but with out of phase excitation. The spiral 
antenna is fed with a coplanar waveguide structure. The square spiral slot elements and its 
CPW feed were fabricated on a single metallic layer and etched on an inexpensive FR4 
substrate with relative dielectric constant 4.4, loss tangent 0.02 and height 1.6 mm. The 
overall dimensions of the proposed antenna including ground plane are (width x length = 40 
mm× 65 mm). 
 




Figure 3.3. Printed square spiral slot antenna structure. 
The spiral slots of the antenna are based on the self-complementary structure with the 
strip width (P) between the spiral slots and the slot width (S) of the same dimensions, i.e. P = 
S = 2 mm. Each spiral slot element wound with N = 2.5 turns with total spiral slot length 
Lslot = 180 mm. The two spiral slots have the same size and shape but they are excited out of 
phase and separated by a distance to improve the impedance matching and to reduce the 
mutual coupling. The gap (g) and the width (Wf) of the central feeding CPW conductor are 
0.5 mm and 3 mm respectively. The printed square spiral slot antenna was designed to 
achieve wide bandwidth for multiband applications inside the designed wideband range. The 
parameters shown in Table 3.1 represent values of the fabricated printed square spiral slot 
antenna structure. 
Table 3.1: Parameters of the proposed square spiral slot antenna 
Parameter L W S P Ls Ws d Wf g 
Value (mm) 65 40 2 2 26 24 6 3 0.5 
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The previous Structure and dimensions of the square spiral slot antenna for (Figure 3.2. 
a. Printed square spiral slot antenna layout) is the same for all other designs (Lower corner 
truncated square spiral slot antenna layout, Upper corner truncated square spiral slot antenna 
layout, and Corner truncated square spiral slot antenna layout) but different defects in square 
spiral slot shape by controlling corner truncated by S=2mm. 
3.2.2 Fabrication Process of Printed Antenna 
Printed antennas are usually fabricated on microwave substrate materials using standard 
photolithographic techniques. Selection of proper substrate material is the essential part in 
printed antenna design. The dielectric constant, loss tangent, homogeneity, isotropicity and 
dimensional strength of the substrate all are of importance. High loss tangent substrate 
adversely affects the efficiency of the antenna especially at high frequencies. The selection of 
dielectric constant of the substrate depends on the application of the antenna and the radiation 
characteristics specifications. High dielectric constant substrates causes’ surface wave 
excitation and low bandwidth performance. After the proper selection of the substrate 
material a computer aided design of the geometry is initially made and a negative mask of the 
geometry to be generated is printed on a butter paper. A single-side/double side copper clad 
substrate of suitable dimension is properly cleaned using acetone and dried in order to avoid 
the discontinuity caused by the impurities. Any disparity in the etched structure will shift the 
resonant frequency from the predicted values, especially when the operating frequency is 
very high. A thin layer of negative photo resist material is coated using spinning technique on 
copper surfaces and it is dried. The mask is placed onto the photo resist and exposed to UV 
light. After the proper UV exposure the layer of photo-resist material in the exposed portions 
hardens which is then immersed in developer solution for few minutes. The hardened 
portions will not be washed out by the developer. The board is then dipped in the dye solution 
in order to clearly view the hardened photo resist portions on the copper coating. After 
developing phase the unwanted copper portions are etched off using Ferric Chloride (FeCl3) 
solution to get the required antenna geometry on the substrate. The etched board is rinsed in 
running water to remove any etchant. FeCl3 dissolves the copper parts except underneath the 
hardened photo resist layer after few minutes. The laminate is then cleaned carefully to 
remove the hardened photo resist using acetone solution. 
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Printed Square Spiral Slot Antenna Fabrications: 
After the design of printed square spiral slot antenna, applying the wet-etching way for 
manufacturing process of its PCB took place. Consequently, the models of Figure (3.3) were 
converted into a physical PCB, where the process of photolithography is the key. However, 
before explaining how that process worked, a Gerber/DXF extension was required to allow 
the reading of the designed file. Therefore, the respective IE3D extension was converted and 
exported as an extension called IGES. The latter generated the required Gerber extension 
with a high resolution, and was printed onto a transparency with the final dimensions of 
square spiral slot antenna PCB. Finally, the fabrication of the physical PCB was made by 
photolithography, which consisted on the following procedure:  
 The photomask that was generated and revealed from the Gerber extension was 
printed by a laser printer and exposed when mixed with a chemical solution.  
 Some parts of the photoresist contained on the PCB - in this case a FR4 model - were 
exposed to UV light (a black light). While this process was running, the photomask 
which contained the model of square spiral slot antenna was placed over the PCB, in 
order to print the model on the exposed photoresist by hardening it.  
 After that, the exposed photoresist was cleaned and the copper was revealed.  
 Then, the PCB was dipped into a chloride solution to etch the copper formed around 
the arms of the spiral.  
 Finally, the PCB was cleaned with running water.  
On the other hand, in LPKF process the removal of extra copper on FR4 sheet is done 
through machine without using any chemicals. LPKF process is typically a non-chemical 
process and it can be completed in a lab environment without exposure to hazardous 
chemicals. High quality circuit boards can be produced by using this process. LPKF 
protoLaser S4 machine prototyping can provide a fast-turn around board production process 
without the need for wet processing. This single machine could carry out both parts of the 
process, drilling and cutting. LPKF protoLaser S4 has advantages for both prototyping and 
some special PCB designs.  
Probably the biggest benefit is that one doesn't have to use chemicals to produce PCB's. 
The flow chart of the process through machine is shown below: 
 Designed antenna through IE3D Software. 
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 Converter used to import Gerber data or DXF data to generate LPKF protoLaser S4 
data based on imported pattern data. 
 CAM application is designed to control machine used for dry-etching purpose. 
 Open DXF file. 
 Set dry-etching sequence. 
 Adjust position for some fixed points, adjust camera, and adjust the laser wavelength 
width based on the antenna design dimensions. 
  Process top layer drill and dry-etching. 
 Adjust bottom layer drill & dry-etching (in our case not necessary for single layer).  
As a result, the final PCB was created. Its representation is shown in Figure (3.4). 
To verify the obtained results from the electromagnetic simulator program, the structure 
is fabricated by the Laser-based PCB prototyping LPKF protoLaser S4. The fabricated 
prototypes of four antenna configurations are shown in Figures 3.4 (a, b, c, and d). 
The different types of fabricated printed square spiral slot antenna configurations are: 
The printed square spiral slot antenna design was slightly modified into four different 
variations. All of them were simulated and prototyped. Figure 3.4 shows the photographs of 
the fabricated printed square spiral slot antenna for four configurations. 
 
 
(a) Square spiral slot antenna fabricated 
 




(b) Lower corner truncated square spiral slot antenna fabricated 
 
(c) Upper corner truncated square spiral slot antenna fabricated 
 
(d) Corner truncated square spiral slot antenna fabricated 
Figure 3.4. Square spiral slot antenna fabricated. 
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In order to measure printed square spiral slot antenna, a CPW feed with 50 ohm 
connected to SMA RF connector (also of 50 ohm) was used. The CPW was designed with a 
spiral slot form in a single layer, and soldered onto the copper. The terminals of the SMA 
were soldered to the copper of CPW feed. CPW feeding is supposed to be better candidates 
because of their simple configuration, manufacturing advantages, repeatability and low cost. 
The advantage of the CPW fed printed antenna is its wideband which encourages many 
researches to introduce several shape of printed antenna for use in multiple applications. 
Effect of metal thickness as well as frequency dispersion was taken into account. Conductor 
and dielectric losses were also calculated for FR4 substrate material. 
3.3 Results and Discussions  
The proposed planar printed spiral slot antennas designed and simulated by using IE3D 
electromagnetic simulator software based on the method of moments (MoM) [8]. To verify 
the obtained results from the electromagnetic simulator program, the structure of each 
antenna configuration is fabricated by the Laser-based PCB prototyping LPKF protoLaser S4 
and for the fabricated antennas the important parameters are measured.  
3.3.1 Planar Printed Square Spiral Slot Antenna Design 
The design of the PCB antenna had involved the usage of the software program IE3D 
[8]. The simulation results were obtained by using the software package IE3D, which solves 
for the electric current on a metallic structure or the magnetic current in an aperture using the 
method of moments. Figure 3.5 shows the antenna parameters. The simulations are 
performed by using the IE3D software which utilizes the method of moments for 
electromagnetic computations. 
 
Figure 3.5. Antenna Parameters. 
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For printed square spiral slot antenna design, IE3D simulation software is used, which is 
full wave electromagnetic simulation software for the microwave and millimeter wave 
integrated circuits. A method of moment’s model is presented to analyze all four prototypes 
of printed square spiral slot antenna that is printed on a single layer dielectric. In IE3D 
software the higher number of cells per wavelength, the higher accuracy of the simulation. 
However, increasing the number of cells increases the total simulation time and the memory 
required for simulating the structure. In many simulations using 20 to 30 cells per wavelength 
should provide enough accuracy. In our work we use 20 cells per wavelength for all thesis 
work.  
All parameters which affect the antenna performance were simulated based on the 
method of moments. Simulated models were printed and fabricated on a single metallic layer 
on FR4 substrate. Because of the balanced structure of the two-arm spiral antenna and the 
unbalanced structure of the coaxial cable, and the difference between the input impedance of 
the spiral antenna and the line impedance of the coaxial cable, a balun and an impedance 
transformer are usually added to the feeding structure of the spiral antenna. In our design 
applying the CPW feeding eliminates the need for balun and impedance transformer and 
make the spiral antenna easy for fabrication and integration with monolithic microwave 
integrated circuits (MMIC). CPW-fed square-spiral slot antenna was obtained after a large 
number of iterations. The dimensions of antenna were varied to achieve the maximum 
bandwidth.   
3.3.2 Simulation and Measurement Results 
The amount of reflected power is measured by the quantity |Γ|2 (note that |Γ| is 
the magnitude of Γ).  Typically, reflected power is represented in dB by the equation shown 
below. 
                                                                                          3.1 
For example, if ΓdB = -10 dB, then |Γ|2 = 0.1 and 10% of the incident power is reflected. 
In this case, 90% of the available power is transmitted into the antenna. Note that usually ΓdB 
is used as a negative number; the more negative ΓdB is, the more power is delivered to the 
load and less is reflected. Thus, that indicates the source and characteristic impedances are 
matched to the load. 
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Figure 3.6 shows the simulated ΓdB for all four prototypes of square spiral slot antenna in 
the frequency range of (2-15 GHz). 
 
Figure 3.6. Simulated ΓdB for all four prototypes of square spiral slot antenna. 
As seen in Figure 3.6, the best performance is noticed for corner truncated square spiral 
slot antenna, followed by the lower corner truncated and almost all with the same lower and 
higher frequency. All four prototypes are radiates at same frequencies till 6 GHz (resonance 
frequencies at 2.7, 3.7, 4.3 and at 6 GHz). At the higher frequency each antenna radiate in 
different resonance frequency based on the effect of corner truncated.  
Frequency bandwidth of the simulated and fabricated antennas was evaluated as an 
impedance bandwidth, where ΓdB is less than -10 dB. The measured return loss as a ΓdB 
parameter using R&S ZVA Vector Network Analyzer (VNA up to 67 GHz).  
The measured and simulated results for ΓdB for all four types of antenna are shown in 
Figures (3.7, 3.8, 3.9 and 3.10). The antennas were simulated and measured in the frequency 
range from 2 to 15 GHz. As can be seen from ΓdB graphs, lower operated frequency for all 
prototypes are the same, i.e. at 2.5 GHz, with best ΓdB for the square spiral slot corner 
truncated. Antennas radiate in multiple wideband frequency bands (suitable for different 
applications, such as C-band applications and WLAN) within the observed frequency range. 
Simulated and measured results are in good accordance at the lower and upper frequency 
limits. However, due to imperfect simulated model, especially at the excitation port, some 
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deviations between simulated and measured results are observed. Figure 3.7 shows the 
simulated and measured ΓdB results for the printed square spiral slot antenna. 
 
Figures 3.7. Simulated and measured ΓdB for printed square spiral slot antenna. 
As shown in Figure 3.7, the simulated and measured ΓdB for the printed square spiral slot 
antenna and at the measured ΓdB, four narrow notches are noticed in the range of (2.5-11 
GHz) for comparison with simulated ΓdB and at 4 GHz the measured and simulated notch 
matched.  
Figure 3.8 shows the simulated and measured ΓdB results for the lower corner truncated 
printed square spiral slot antenna. 
 
Figures 3.8. Simulated and measured ΓdB for lower corner truncated printed square spiral slot 
antenna. 
The simulation and measurement results of ΓdB with good performance at the lower 
frequency noticed and with one notch centered at 8 GHz as shown in Figure 3.8. 
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 Figure 3.9 shows the simulated and measured ΓdB results for the upper corner truncated 
printed square spiral slot antenna. 
 
Figure 3.9. Simulated and measured ΓdB for upper corner truncated printed square spiral 
slot antenna. 
The simulated and measured return loss for upper corner truncated square spiral slot 
antenna with two band notched for the measured ΓdB around 6 GHz, and 8 GHz and with very 
narrow single band notch for the simulated ΓdB around 4 GHz . 
 Figure 3.10 shows the simulated and measured ΓdB results for the corner truncated 
printed square spiral slot antenna. 
 
Figure 3.10. Simulated and measured ΓdB for the corner truncated printed square spiral 
slot antenna. 
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It is evident from the measured return loss compared with the simulated results for the 
corner truncated square spiral slot antenna shown in Figure 3.10, we can observe that the 
proposed antenna had a very wide impedance matching for both simulated and measured ΓdB, 
the best performance of ΓdB obtained by the effect of corner truncated for both spiral slot 
elements and with measured ΓdB ≤ -10 dB in most of the range 2.5 GHz up to 14 GHz. 
The peak gain versus frequency for all four proposed printed square spiral slot antennas 
simulated by using IE3D and the results are presented in Figure 3.11. In the frequency range 
from 2-17 GHz, the antenna gain values fluctuates between (2-5) dBi in the C-band (4-8 GHz 
and WLAN (5.15-5.825 GHz) frequency bands. The result shows a significant drop in the 
simulated antenna gain within the band (6 – 7 GHz) and band (7 – 8 GHz) for all four 
prototypes of square spiral slot antenna. 
 
a) Square spiral slot antenna. 
 
b) Square spiral slot lower corner truncated antenna. 
 




c) Square spiral slot upper corner truncated antenna. 
 
d)  Square spiral slot corner truncated antenna. 
Figure 3.11. Simulated gain for all four proposed printed square spiral slot antennas.  
Far-field radiation patterns for all four antenna types at different frequencies between 2 
and 13 GHz were also simulated and measured in the anechoic chamber. For the sake of 
brevity, simulated and measured results are only presented for square spiral slot corner 
truncated antenna at four different frequencies and shown in Figure 3.12. Other three types of 
antennas exhibit almost similar radiation performances. The simulated and measured 
radiation patterns of the corner truncated square spiral slot antenna at selected frequencies 3.5 
GHz , 5 GHz, 5.2 GHz and 7.5GHz along (E-plane (Y-Z) plane), azimuth E-total radiation 
patterns at four different frequencies for square spiral slot corner truncated antenna, and along (H-
plane (X-Z) plane), are illustrated in Figure 3.12(a, b) respectively.  
 











a) Elevation E-total radiation patterns at 
four different frequencies for Square Spiral 
Slot corner Truncated Antenna (E-plane 
(Y-Z) plane). 
b)  Azimuth  E-total radiation patterns at 
four different frequencies for Square Spiral 
Slot corner Truncated Antenna  (H-plane 
(X-Z) plane). 
Figure 3.12. Radiation patterns at four different frequencies for square spiral slot corner 
truncated antenna. 
From Figure 3.12 it can be seen that the proposed antenna exhibits bidirectional pattern 
and radiates equally in the E-plane both above and below the spiral radiator elements. The 
radiation patterns for the H-plane are found to be approximately omnidirectional. 
3.4. Conclusion 
In this chapter, a novel four configurations of the planar printed square spiral slot 
antenna based on coplanar waveguide as feeder for wideband applications is presented. IE3D 
was used for all antenna configurations.  
The printed square spiral slot antenna presented in this chapter is inductively coupled 
with the coplanar wave guide, which acts like short circuit at the end of the slot, and the two 
spiral slots are separated. The structure of printed square spiral slot was studied  using  simple 
CPW-based feeding without the need for balun and impedance transformer, as well as the 
antenna compact and completely planar structure with wide impedance bandwidth are main 
advantages of this antenna. A good agreement has been observed between simulation and 
measurement results. The simulation and experimental results show that this planar printed 
slot antenna is a good candidate and suitable for a number of multiband applications inside 
the wideband range. 
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The contents of this chapter have been published as a full paper (CPW-Fed Wideband 
Printed Spiral Slot Antenna Design for Multiband Applications) in the 25th International 
Electrotechnical and Computer Science Conference (ERK'2016, Portorož, A: 117-120). 
For next chapter, the planar printed antenna based on DGS rectangular slot cell used for 
multiband applications by design the bands according to the need, also by controllable the 
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In this chapter, the simulation and experimental results of planar printed slot antenna 
design based on defected ground structures (DGS) for multiband applications are presented. 
The planar printed slot antennas designed based on DGS and the designed antenna fabricated 
on double sided substrate material. The simulation and experimental results of printed slot 
antenna based on defected ground structures (DGS) will be presented. The measurements of 
printed slot antenna parameters were obtained from the Vector Network Analyzer (Rohde & 
Schwarz ZVA67). Network analyzer was used to measure ΓdB (in decibels), in order to 
measure return loss and also the matching between printed slot antenna and its microstrip line 
feed. Three planar printed slot antennas based on DGS techniques with different substrates 
are designed, simulated and fabricated at the multiband applications. 
        The proposed printed slot antenna studied on different substrates and two of them are 
with almost same values with different materials. For all designs, excellent agreement was 
achieved between numerical results using EM simulator IE3D based on method of moments 
(MoM) and measured results. 
In this chapter, is organized as follows; the first part presents a brief introduction about 
the printed slot antenna in section 4.1. Section 4.2 concern about the design process and 
fabrication process for the implementation of planar printed slot antenna. Section 4.3 
introduce the comparative study of the simulated and measured results for the printed slot 
antenna with the different configurations. Finally in section 4.4, conclusions of this chapter 
are outlined and presented.  
4.1 Planar Printed Slot Antenna 
Printed antennas are low profile, conformable to planar and non-planar surfaces, simple 
and less expensive in manufacturing using modern printed circuit technology. The main 
objective in the wireless communication system is the design of wideband or even multiband 
low profile and small antenna. One such antenna that meets these requirements is the planar 
printed slot antenna [39]. There are numerous techniques such as shorting pins, introducing 
slots and fractal geometries that reduce the size of the printed antenna. Planar printed slot 
antennas have the advantages of being able to produce bidirectional and unidirectional 
radiation patterns with larger bandwidth and very low cross polarization as in [73]. In, printed 
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slot antenna, the strip and slot combination offer an additional degree of freedom in the 
design of printed antennas. A printed  slot antenna comprises a slot cut in the ground plane of 
the microstrip line such that the slot is perpendicular to the strip conductor of the microstrip 
line .The field of the microstrip line excite the slot. For efficient excitation of the slot the strip 
conductor is either short circuited through the dielectric substrate to the edge of the slot, as 
shown in Figure 4.1 (a) or the strip conductor is terminated in an open circuited stub beyond 
the edge of the slot, as shown in Figure 4.1 (b) [41]. 
 
Figure 4.1. Center-fed printed slot antenna configurations: (a) microstrip terminal in a short 
circuit, (b) microstrip terminal in an open-circuit stub. 
Two possible ways of reducing the high input impedance of the printed slot antenna 
shown in Figure 4.2 (a, and b) [41]. 
 
Figure 4.2. Printed slot antenna feed (a) offset microstrip feed, (b) inclined microstrip feed. 
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In order to achieve multiband operation for the printed-slot antenna, the slot length of 
each radiating element must be around λg/2 [41]. The slot antenna length is referred to the 
guide wavelength λg, which is given by                                                                  
                                                                                                                (4.1) 
where 𝜀e is the effective dielectric constant. 
                                                                                                                (4.2) 
The structure consists of a printed slot antenna based on DGS resonator fed by microstrip 
line. The unit cell of the proposed DGS is shown in Figure 4.3. The cell is made of narrow 
slot resonator of length, Ls and DGS rectangular slot pattern is etched in the ground plane of 




Figure 4.3. The unit cell of the proposed DGS. 
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4.2 Planar Printed Slot Antenna Design 
For all printed slot antenna designs for multiband applications, IE3D simulation software 
is used, which is full wave electromagnetic simulation software for the microwave and 
millimeter wave integrated circuits. In IE3D software based on the method of moment’s 
model, the higher number of cells per wavelength, the higher accuracy of the simulation. 
However, increasing the number of cells increases the total simulation time and the memory 
required for simulating the structure. In many simulations using 20 to 30 cells per wavelength 
should provide enough accuracy. In our work we use 20 cells per wavelength for the meshing 
of all printed slot antenna designed in this chapter. Fabrication of the printed slot antenna was 
done using the more accurate LPKF Laser (dry-etching) method.  
The slot antenna is printed on a double-sided of different materials. Taconic (TLT-9) 
substrate with a dielectric constant εr = 2.55, a loss tangent tan (δ) = 0.0018, and substrate 
height h=0.79 mm with a copper cladding of thickness t=0.035 mm on both sides of PCB. 
Rexolite-1422 substrate with a dielectric constant εr = 2.53, a loss tangent tan (δ) = 0.00066, 
and substrate height h=0.79 mm with a copper cladding of thickness t=0.035 mm on both 
sides of PCB. And FR4 (ISOLA) of dielectric constant εr = 4.32, dielectric thickness h =1 
mm with a copper cladding of thickness t=0.018 mm on both sides of PCB and loss tangent 
=0.02. The length of the microstrip line (Lf=31mm) is fixed for all designed printed slot 
antennas but the width of the microstrip line (Wf) is varied based on the substrate material.  
The printed slot antennas can be fed by microstrip line, slot line and CPW. In this 
chapter, all the work presented the design of printed slot antenna fed by microstrip line. 
The radiation-pattern measurements are obtained by using a HP 8650B sweep oscillator 
(2–26.5 GHz) as a signal generator connected with a standard horn antenna at the 
corresponding operating frequencies. The proposed antenna is held on a rotary for covering 
all the angles of the pattern and the whole system is built inside three covered walls with 
microwave absorbers. The antenna is connected with a homemade, high-frequency detector 
and a lock-in amplifier [74], which is interfaced to a personal computer. Therefore, the data 








Figure 4.4. Radiation pattern setup. 
 
For a linearly polarized antenna, its performance is often described in terms of its 
principle E-plane and H-plane patterns. The E-plane is defined as the plane containing the 
electric-field vector and the direction of maximum radiation whilst the H-plane is defined as 
the plane containing the magnetic-field vector and the direction of maximum radiation. 
4.2.1 Multiband Planar Printed Slot Antenna (TLT-9) 
The slot antenna is printed on a double-sided Taconic (TLT-9) substrate with a dielectric 
constant εr = 2.55, a loss tangent tan (δ) = 0.0018 and substrate height h=0.79 mm with a 
copper cladding of thickness t=0.035 mm on both sides of the PCB. All the antenna 
dimensions are designed on a total surface area of 45 × 40 mm2. On the front side of the 
substrate, a microstrip line feeder with 50 Ω and fixed width (Wf = 2.2 mm) and feeding 
length (Lf=31 mm) are designed. The microstrip line structure is valid for all work based on 
Taconic (TLT-9). 
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A. Single slot Antenna  
The best performance simulation of the microstrip fed printed slot antenna for single 
band based different slot length was obtained after a large number of iterations. The 
dimensions of antenna were varied to achieve the maximum bandwidth and gain. The 
structure of single band slot antenna is shown in Figure 4.5. The simulated current 
distribution, return loss, antenna efficiency, gain, and radiation pattern of the printed slot 
antenna for single band at different slot lengths are shown in Figure 4. 6, Figure 4.7, Figure 
4.8, Figure 4.9, and Figure 4.10 respectively.  
 
 
            (a)        (b) 
Figure 4.5. Printed slot antenna based on single slot with center feed; 
(a) top side, (b) bottom side. 
 
All the parameters of the proposed antenna are shown in Table 4.1. 
Table 4.1: Dimensions for all elements of the single slot antenna 
Ls(mm) 15 20 25 30 35 
Lm(mm) 0.74 0.82 1.24 2.35 3.4 
Operating Freq.(GHz) 6.2 4.9 4 3.2 2.6 
Lower freq.(GHz) 5.93 4.77 3.87 3.04 2.471 
Higher freq.(GHz) 6.50 5.06 4.12 3.36 2.787 
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Figure 4.6 shows how the current distribution affects the different parts of the proposed 
printed-slot antenna, depending on the frequency level. 
  
 
   
Figure 4.6. Simulated current distributions of printed slot antenna for single slot. 
The simulation results for the return loss of the proposed antenna (45 mm× 40 mm) for 
five different lengths are shown in Figure 4.7. 
 
Figure 4.7.  Simulated ΓdB of printed slot antenna based on single slot. 
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The simulated peak gains of the proposed planar printed-slot antenna fed by a microstrip 
line are plotted in Figure 4.8.  
 
Figure 4.8. Simulated gain of printed slot antenna based on single slot. 
The simulated efficiency versus frequency of the proposed planar printed slot antenna 
are plotted for the five different slots in Figure 4.9.  
 
Figure 4.9. Simulated efficiency of printed slot antenna based on single slot. 
The simulated far-field radiation patterns (Etot) for the five resonant frequencies for the 
five slots with different lengths are shown in Figure 4.10. 
 













Figure 4.10. Simulated radiation patterns of printed slot antenna based on single slot 
(TLT-9). 
B. Multiband Slot Antenna  
There are four prototypes of printed slot antenna are designed, all of the designed 
antennas have the same group of slots structure and dimensions, but different in the 
separation between the slots, all of them based on DGS rectangular slots. In all planar printed 
slot antenna configurations, microstrip lines on a dielectric substrate of finite thickness are 
used as feeding structures. All the four configurations based on Taconic TLT-9 named as 
(TLT1, TLT2, TLT3, and TLT4). 
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B.1 Planar Printed Slot Antenna Design (TLT1) 
The geometry of the first proposed planar printed slot antenna (TLT1) for multiband 




                 (b) 
  
Figure 4.11. Geometrical layout of the proposed planar printed slot antenna (TLT1): 
(a) top layer, (b) bottom layer. 
 
The ground plane of the proposed antenna consists of two groups of five straight slots 
extended horizontally with different lengths. The two groups of slots are separated by a 0.5 × 
8.25 mm2 strip with a right angle for all the slots and fills the slot area parallel to the 
microstrip line in a symmetrical position around the origin of the x-axis. The left group of the 
slots are shifted by 0.5 mm to the left due to the microstrip line view of the antenna. On both 
sides around this strip, there is a cut spaced with a slot width (S= 1 mm) and all the slots are 
connected together for each group of slots.  
The two groups of five slots are positioned around the strip. The right and left designed 
groups of slots on the ground plane are created with the following lengths for the right group, 
Ls1r, Ls2r, Ls3r, Ls4r, and Ls5r,  and for the left group with lengths Ls1l, Ls2l, Ls3l, Ls4l, 
and Ls5l, and a fixed width (S= 1 mm) for all the slots. The separation between the slots 
controls the impedance bandwidth of the antenna, the separation between slots is fixed with 
h h 
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(S1= S2= S4= 0.75 mm) and the only different separation is (S3= 1 mm) between Ls3 and 
Ls2 for both groups, left and right (as shown in Figure 4.11 (b)), and with the length (Lm= 
0.75 mm) between the open end of the microstrip line and the smallest slots (Ls1r and Ls1l) 
for adjusting the impedance (as shown in Figure 4.11(a)).  
The left group of slots is longer than the right group of slots by 0.5 mm. This means that 
Ls1l= Ls1r+0.5mm, Ls2l = Ls2r + 0.5 mm, Ls3l = Ls3r + 0.5mm, Ls4l = Ls4r + 0.5mm, and 
Ls5l = Ls5r + 0.5mm. All the parameters for the proposed antenna are shown in Table 4.2. 
Table 4.2:  The dimensions for all elements of the proposed antenna 
 
parameter Wg Lg S Ls1r Ls2r  Ls3r Ls4r Ls5r S1 S3 
Value(mm) 45 40 1 7.25 9.75 12.25 14.75 17.25 0.75 1 
parameter Wf Lf Lm Ls1l Ls2l Ls3l Ls4l Ls5l S2 S4 
Value(mm) 2.2 31 0.75 7.75 10.25 12.75 15.25 17.75 0.75 0.75 
 
The slots (Ls5r +Ls4r+S1) and (Ls5l+Ls4l+S1) produce the bandwidth around the 
operating frequency for 3.5 GHz, (Ls4r + Ls3r+ S2) and (Ls4l + Ls3l+ S2) produce the 
bandwidth around the operating frequency for 4.1 GHz, (Ls3r + Ls2r+ S3) and (Ls3l+ Ls2l+ 
S3) produce the bandwidth around  the operating frequency for 5 GHz, (Ls2l + Ls1l+ S4) 
produce the operating frequency for 6.4 GHz and finally (Ls2r + Ls1r+ S4) produce the 
operating frequency for 6.8 GHz. All the radiating elements are shaped like an unequal U-slot 
as the DGS cell. The shortest slots are the active radiators and the longest slots are to improve 
the impedance matching for the first three operating frequencies (3.5, 4.1, and 5 GHz). Table 
4.3 shows all the operating frequencies with the radiating slot length. 
Table 4.3: The radiating slot length for all operating frequencies 
Frequency/ 
λg (mm) 




slot  right  
group 
Ls5r + Ls4r+ 
S1 = 32.75 
mm = 0.555 
λg 
Ls4r + Ls3r+ 
S2 = 27.75 
mm= 0.55 λg 
Ls3r + 
Ls2r+ S3= 
23 mm = 
0.556 λg 
 Ls2r + Ls1r+ 
S4 = 17.75 




slot  left 
group 
Ls5l +Ls4l + 
S1 = 33.75 
mm = 0.57 λg 
Ls4l + Ls3l+ 
S2 = 28.75 
mm=0.57 λg 
Ls3l+ Ls2l+ 
S3 = 24 mm 
= 0.58 λg 
Ls2l + Ls1l+ 
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By changing the slot lengths of the left group of the proposed antenna without changing 
the slot lengths of the right group, shown in Table 4.4, a comparison is made between the 
proposed antenna and other three different antennas (antenna 1, antenna 2, and antenna 3) for 
the simulated return loss shown in Figure 4.14. 
Table 4.4. Three antennas based on different lengths of left slots due to the proposed antenna 
Antenna name/ Left slots (mm) Ls1l Ls2l Ls3l Ls4l Ls5l 
Proposed antenna 7.75 10.25 12.75 15.25 17.75 
Antenna 1 7.25 9.75 12.25 14.75 17.25 
Antenna 2 6.75 9.25 11.75 14.25 16.75 
Antenna 3 8.25 10.75 13.25 15.75 18.25 
All the left group of slots in antenna 1 equal the right one, and for antenna 2 all the left 
slots are shorter than the same group in the proposed antenna by 1 mm and the other five 
operating frequencies with their bandwidths are obtained. For antenna 3 all the left slots are 
longer than the same group in the proposed antenna by 0.5 mm, and the other eight operating 
frequencies with their bandwidths are created. By shifting the strips between the slots in the 
proposed antenna on both sides of the central strip, the wideband slot antenna is obtained 
with an operating frequency at 5.5 GHz with a radiating length Ls5l=17.75 mm, with λg 
=37.57 mm leading to Ls5l =0.47 λg. It is also calculated for Ls5r =17.25 mm, leading to 
Ls5r =0.46 λg. Figure 4.14 shows ΓdB for all the antenna configurations.  
RESULTS AND DISCUSSIONS (TLT1) 
The proposed planar-printed slot antennas were designed and simulated using the IE3D 
electromagnetic simulator software based on the method of moments (MoM). The simulated 
results, including the current distribution, return losses, gains, efficiency, and radiation 
patterns are numerically derived using the IE3D commercial software. In the IE3D software 
the larger the number of cells per wavelength, the better the accuracy of the simulation. 
However, increasing the number of cells increases the total simulation time and the memory 
required for simulating the structure. In many simulations, using 20 to 30 cells per 
wavelength should provide enough accuracy. All the parameters that affect the antenna’s 
performance were simulated based on the method of moments. The simulated proposed 
antenna was printed and fabricated on double-sided metallic layers on a TLT-9 substrate. 
To verify the obtained results from the electromagnetic simulator program, the structure 
is fabricated using the laser-based PCB prototyping LPKF protoLaser S4 and the fabricated 
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antenna’s important parameters are measured. To validate the predicted performance of this 
proposed slot antenna, a prototype antenna was then fabricated and measured. Figure 4.12 
shows the photographs of the top and bottom sides of the fabricated antenna. 
  
(a) (b) 
Figure 4.12. Fabricated prototype of the proposed printed slot antenna (TLT1): (a) top side, 
(b) bottom side. 
Measurements on the fabricated antenna were carried out using a Rohde & Schwarz 
ZVA67 Vector Network Analyzer for measuring the return loss (ΓdB) and an anechoic 
chamber for the radiation-pattern measurements. The detailed results are provided in the 
following for a comparative study. 
The current distributions of the proposed antenna for the five resonant frequencies and 
the wideband antenna for the resonant frequency of 5.5 GHz are shown in Figure 4.13. 
    
    
Figure 4.13. The current distribution of the proposed antenna (TLT1) and wideband antenna 
at the operating frequencies. 
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Figure 4.13 shows how the current distribution affects the different parts of the proposed 
printed-slot antenna, depending on the frequency level (max. E-current = 26.59 (A/m)). When 
it reaches 3.5 GHz, the current distribution is concentrated in between the largest slots (Ls5l, 
Ls4l) and (Ls5r, Ls4r) with a straight shape. At a frequency of 6.4 GHz the current 
distribution concentrated in between the slots (Ls2l, Ls1l), and when the frequency reaches 
6.8 GHz, the current distribution concentrated in the smallest slots (Ls2r, Ls1r). By moving 
the horizontal strips between the slots a wideband antenna is obtained with a bandwidth 
around 5.5 GHz (max. E-current = 22.972 (A/m)). 
The return loss for all the antenna configurations is shown in Fig. 4.  The simulated and 
measured return loss (ΓdB) of the proposed designed antenna is depicted in Fig. 4(a). The 
results show good agreement with each other for all the operating bands in the range 2–7.5 
GHz. The measured impedance bandwidths achieved are 3.295–3.542 GHz with a bandwidth 
of 0.247 GHz (7.23%), 3.893–4.156 GHz with bandwidth of 0.263GHz (6.53%), 4.708–5.052 
GHz with a bandwidth of 0.344 GHz (7.05%), and two integrated bandwidths around 6.656 
GHz with (ΓdB= -15.2 dB) in the range of 5.789–6.656 GHz with a bandwidth of 0.867 GHz 
(13.93%), 6.656–7.035 GHz with a bandwidth of 0.379 GHz (5.54%), and the last two bands 
are considered as a wideband of 5.789–7.035 GHz with a bandwidth of 1.246 GHz (19.43%) 
for |ΓdB| < −10 dB. A comparison of the ΓdB data for all the operating frequencies is shown in 
Table 4.5.  
Table 4.5: Simulated and measured ΓdB of the proposed slot antenna 
resonant freq. sim 
/ meas. (GHz) 
ΓdB value at resonant 





3.5/3.456 - 21.72 / -21.17 3.317- 3.571 3.295- 3.542 
4.1/4.028 - 29.15 /-37.39 3.933- 4.193 3.893- 4.156 
5/ 4.952 - 24.13 / -26.14 4.851- 5.098 4.708- 5.052 
6.4/6.516 - 33.74 / -36.02 5.889-6.6 5.789- 6.656 
6.8/6.884 - 29.48 / -45.17 6.6-6.996 6.656 -7.035 
 
The simulation results for the return loss of the proposed antenna (45 mm× 40 mm) in 
comparison with the large ground plane antenna (50 mm× 45 mm) and the wideband antenna 
that is obtained from the proposed antenna by moving the strip between the slots are shown in 
Figure 4.14(b). The simulated ΓdB for antenna 1, antenna 3, and the proposed antenna are 
plotted in Figure 4.14 (c). Figure 4.14 (d) shows the simulated ΓdB for antenna 2 and the 
proposed antenna, and is shown in Figure 4.14 (e) for the proposed antenna that consists of 
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two groups of five slots plotted in comparison with two-, three-, and four- groups of slots, 
right and left.  
As presented in Figure 4.14 (a) and in Table 4.3, we can conclude that we have a good 
agreement between the simulation and measurement results. It is clear that in Figure 4.14 (b) 
the proposed antenna has a good return loss performance in comparison to the other antenna 
by changing the ground plane to 50 × 45 mm2, with no impact on the operating frequency by 
increasing the ground plane. On the other hand, by shifting the horizontal strips between the 
slots and leaving 2.5 mm for all four slots ((Ls1r, Ls2r, Ls3r, Ls4r, and Ls1l, Ls2l, Ls3l, 
Ls4l), the right and left are the same and the largest slot (Ls5r, and Ls5l) with 5 mm remains 
from the original configuration of the proposed antenna and the wide bandwidth is obtained 
around the operating frequency of 5.5 GHz with its band (4.796-6.462 GHz) having a 1.666 
GHz bandwidth (29.6%).  
Figure 4.14 (c) shows the comparison for the three antenna configurations between 
antenna 1, proposed antenna, and antenna 3. For antenna 1 and the proposed antenna we see 
the effect of increasing the left group of slots more than the right group by 0.5 mm and good 
impedance matching is verified for all the operating frequencies. For antenna 3 by increasing 
the left slots more than the proposed antenna by 0.5 mm eight operating frequencies are 
created (3.3, 3.5, 3.9, 4.1, 4.7, 5, 6.1, and 6.8 GHz) and its ΓdB at -14.6, -21, -18.9, -17, -12, - 
12.1, -24.8, and -26.5 dB, respectively, and the radiating slots are 34.75, 32.75,29.75, 27.75, 
25, 23, 19.75, and 17.75 mm.   
 
(a) Simulated and measured proposed antenna. 
 




(b) Simulated (proposed, large ground plane, and wideband) antennas. 
 
(c) Simulated proposed antenna, antenna 3 (longer left slots), and antenna 1(equal 
slots). 
 
(d) Simulated proposed antenna and antenna 2 
 




(e) Simulated proposed antenna and 2-, 3-, and 4-group of slots right and left. 
Figure 4.14. Return loss (ΓdB) of different antenna configurations (TLT1). 
 
The most useful comparison is shown in Figure 4.14 (d), which shows that the proposed 
antenna with five operating frequencies at 3.5, 4.1, 5, 6.4, and 6.8 GHz and antenna 2 
operates at frequencies 3.6,4.2,5.2,6.8, and 7.3 GHz with its ΓdB at -19.8, -19.38, -19.95, -
28.9, and -27.35dB, respectively. 
Figure 4.14 (e) shows the sequence of the proposed design for two groups of two-, three-
, and four- slots for right and left in comparison with the proposed antenna.   
The simulated peak gains of the proposed planar printed slot antenna fed by microstrip 
line are plotted in Figure 4.15. The simulated results of the gain show the values 4.316, 4.334, 
4.42 dBi, and 5.529 dBi at 3.5, 4.1, 5, and 6.4 GHz, respectively. For higher frequency 6.8 
GHz (over the bandwidth) the gain was found to have a value of 5.38 dBi. 
 
Figure 4.15. Simulated gains of the proposed planar printed slot antenna (TLT1). 
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 The simulated efficiency versus frequency of the proposed planar printed slot antenna is 
plotted in Figure 4.16. The simulated antenna efficiency at the operating frequencies is given 
by 94.8% at 3.5 GHz, 86.74% at 4.1 GHz, 84.92% at 5 GHz, 91.9 % at 6.4 GHz, and finally 
90.08% at 6.8 GHz. 
 
Figure 4.16. Simulated efficiency of the proposed planar printed slot antenna (TLT1). 
The maximum directivity measured with the radiation-pattern measurements and the 
values at the operating frequency in the E-plane (DE) and H-plane (DH) is given in Table 4.6.  
The total directivity calculated and given by. 
                                                                                                               (4.3)   
                                                                                              (4.4) 
The gain is based on the directivity and the antenna efficiency and it is given by the 
following equation. 
                                                                                 (4.5) 
For making a rough estimation about the measured gain, the simulated efficiency is used 
to calculate the gain based on the measured directivity that is obtained from the radiation-
pattern measurements, and it is shown in Table 4.6. 
Table 4.6:  The measured directivity (DE, DH) and gain 
Freq. (GHz) 3.5 4.1 5 6.4 6.8 
DE(dBi) 2.4=3.8dBi 2.9=4.62dBi 3.4=5.31dBi 4.1=6.13dBi 3.8=5.8dBi 
DH(dBi) 2.4=3.8dBi 3.7=5.68dBi 4.6=6.63dBi 4.2=6.23dBi 4.1=6.13dBi 
D(dBi) 2.4=3.8dBi 3.3=5.182dBi 4=6.02dBi 4.15=6.18dBi 3.95=5.97dBi 
Gain(dBi) 3.6dBi 4.495dBi 5.11dBi 5.68dBi 5.379dBi 
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The simulated and measured far-field radiation patterns (Etot) for the five resonant 










(a)  E-plane (Y-Z plane) (b)  H-plane (X-Z plane) 
 
Figure 4.17. Simulated and measured radiation patterns of the proposed multiband printed 
slot antenna (TLT1): (a) E-plane (Y-Z plane) at 3.5GHz, 4.1 GHz, 5 GHz, 6.4 GHz, and 6.8 
GHz, (b) H-plane (X-Z plane) at 3.5GHz, 4.1 GHz, 5 GHz, 6.4 GHz, and 6.8 GHz. 
The radiation patterns of the proposed antenna are measured in the anechoic chamber for 
a verification of the simulated radiation patterns in the E-plane (Y-Z plane) and the H-plane 
(X-Z plane). It is clear that the radiation patterns in the E-plane for all frequencies under test 
have a bidirectional pattern; however, the radiation patterns for the H-plane are found to be 
approximately omnidirectional. 
B.2 Planar Printed Slot Antenna Design (TLT2) 
As mentioned all antennas designed on (TLT-9) with same microstrip line and entire 
surface dimensions. The ground plane of the proposed antenna consists of two groups of five 
straight slots extended horizontally with different lengths. The two groups of slots are 
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separated by (0.5 × 9) mm2 strip with right angle for all slots and fill the slots area parallel to 
the microstrip line in symmetric position around the origin of X-axis. The left group of the 
slots are shifted by 0.5 mm to the left due to the microstrip line view of the antenna. On both 
sides around this strip, there is cut spaced with slot width (S= 1 mm) and connected all slots 
together for each group of slots.  
The two groups of five slots positioned around the strip. The right and left designed 
group of slots on the ground plane are created with the following lengths for right group 
(Ls1r, Ls2r, Ls3r, Ls4r, and Ls5r) and for the left group with lengths (Ls1l, Ls2l, Ls3l, Ls4l, 
and Ls5l), and fixed width (S= 1 mm) for all slots. The separation between slots control the 
impedance bandwidth of the antenna, the separation between slots is fixed with 
(S1=S2=S3=S4= 1 mm) between all slots for both groups left and right (as shown in Figure 
4.18(b)), and with (Lm= 0 mm) length between the open end of microstrip line and the 
smallest slots (Ls1r and Ls1l) like short circuit (as shown in Figure 4.18(a)).  
  
(a)  (b) 
Figure 4.18. Geometrical layout of the proposed planar printed slot antenna (TLT2): (a) top 
layer, (b) bottom layer. 
 
All the parameters of the proposed antenna are shown in Table 4.7.  
Table 4.7: The dimensions for all elements of the proposed antenna (TLT2) 
 
parameter Wg Lg S Ls1r Ls2r Ls3r Ls4r Ls5r S1 S3 
Value(mm) 45 40 1 7.25 9.75 12.25 14.75 17.25 1 1 
parameter Wf Lf Lm Ls1l Ls2l Ls3l Ls4l Ls5l S2 S4 
Value(mm) 2.2 31 0 7.75 10.25 12.75 15.25 17.75 1 1 
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RESULTS AND DISCUSSIONS (TLT2) 









   
(a) (b) 
Figure 4.19. Fabricated prototype of the proposed antenna (TLT2); (a) top side, (b) bottom 
side. 
The simulated results, including current distribution, return losses, gains, efficiency, and, 
radiation patterns shown in the following figures. The detailed results are provided in the 
following for comparative study. 
The current distributions of the proposed antenna for five resonant frequencies are shown 
in Figure 4.20. 
   
   
Figure 4.20. The current distribution of the proposed antenna and wideband antenna at the 
operating frequencies (TLT2). 
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As shown in Figure 4.20, the current distribution affects different parts of the printed slot 
antenna depending on the frequency level. When it reaches 3.4 GHz, the current distribution 
is concentrated in between the largest slots (Ls5l, Ls4l) & (Ls5r, Ls4r) with a straight shape. 
At the frequency 6.3 GHz, the current distribution concentrated in between the slots (Ls2l, 
Ls1l), when the frequency reaches to 6.7 GHz, the current distribution concentrated the 
smallest slots (Ls2r, Ls1r). 
The simulated and measured return loss (ΓdB) of the proposed designed antenna (TLT2) 
is depicted in Figure 4.21.  
 
Figure 4.21. Return loss (ΓdB) of the simulated and measured printed slot antenna (TLT2). 
As presented in Figure 4.21, we can conclude that we have a good agreement between 
the simulation and measurement results obtained in the range of 2 GHz to 7.5 GHz. 
The simulated peak gains of the proposed planar printed slot antenna fed by microstrip 
line are plotted in Figure 4.22. The simulated results of the gain show the values more than 4 
dBi at all operating frequencies (3.4, 4, 5, 6.3, and 6.7 GHz). 
 
Figure 4.22. Simulated gains of the proposed planar printed slot antenna (TLT2). 
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The simulated efficiency versus frequency of the proposed planar printed slot antenna 
(TLT2) fed by microstrip line is plotted in Figure 4.23. The simulated antenna efficiency at 
the bandwidths around the operating frequencies is greater than 80%. 
 
Figure 4.23. Simulated efficiency of the proposed planar printed slot antenna 
(TLT2). 
The simulated and measured far-field radiation patterns (Etot) for the proposed antenna 
at five resonant frequencies (3.4, 4, 5, 6.3, and 6.7 GHz) along both y-z plane (E-plane) and 










(a) E-plane (Y-Z) plane (b) H-plane (X-Z) plane 
 
Figure 4.24. Simulated and measured radiation patterns of the proposed multiband printed 
slot antenna (TLT2):   (a) E-plane (Y-Z plane) at 3.5GHz, 4.1 GHz, 5 GHz, 6.4 GHz, and 
6.8 GHz., (b) H-plane (X-Z plane) at 3.5GHz, 4.1 GHz, 5 GHz, 6.4 GHz, and 6.8 GHz. 
 
The radiation patterns of the proposed antenna are measured in the anechoic chamber for 
verification of the simulated radiation patterns in E-plane and H-plane. It is noticed that the 
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radiation patterns in E-plane for all frequencies under test, have a bidirectional pattern, 
however, the radiation patterns for the H-plane is found approximately omnidirectional. 
B.3 Multiband Planar Printed Slot Antenna (TLT3) 
All the dimensions of proposed antenna TLT3 is shown in Table 4.8. 
Table 4.8: The dimensions for all elements of the proposed antenna (TLT3) 
parameter Wg Lg S Ls1r Ls2r  Ls3r Ls4r Ls5r S1 S3 
Value(mm) 45 40 1 7.25 9.75 12.25 14.75 17.25 0.75 1 
parameter Wf Lf Lm Ls1l Ls2l Ls3l Ls4l Ls5l S2 S4 
Value(mm) 2.2 31 1 7.75 10.25 12.75 15.25 17.75 0.5 0.75 
The simulated return loss (ΓdB) of the proposed designed antenna (TLT3) is depicted in 
Figure 4.25.  
 
Figure 4.25. Return loss (ΓdB) of the simulated printed slot antenna (TLT3). 
 
B.4 Multiband Planar Printed Slot Antenna (TLT4) 
All the dimensions of proposed antenna TLT4 is shown in Table 4.9. 
Table 4.9: The dimensions for all elements of the proposed antenna (TLT4) 
parameter Wg Lg S Ls1r Ls2r  Ls3r Ls4r Ls5r S1 S3 
Value(mm) 45 40 1 7.25 9.75 12.25 14.75 17.25 0.5 0.5 
parameter Wf Lf Lm Ls1l Ls2l Ls3l Ls4l Ls5l S2 S4 
Value(mm) 2.2 31 0 7.75 10.25 12.75 15.25 17.75 1.25 0.5 
 
The simulated return loss (ΓdB) of the proposed designed antenna (TLT4) is depicted in 
Figure 4.26.  
 




Figure 4.26. Return loss (ΓdB) of the simulated printed slot antenna (TLT4). 
Different parameters and its dimensions for all antennas based on TLT-9 shown in Table 4.10 
Table 4.10: Different parameters dimensions for all antennas (TLT-9) 
parameter S1 S2 S3 S4 Lm 
Antenna (TLT1) Value(mm) 0.75 0.75 1 0.75 0.75 
Antenna (TLT2) Value(mm) 1 1 1 1 0 
Antenna (TLT3) Value(mm) 0.75 0.5 1 0.75 1 
Antenna (TLT4) Value(mm) 0.5 1.25 1.75 0.5 0 
The simulated ΓdB for all four TLT-9 prototypes are shown in Figure 4.27. Within the 
range 2 GHz to 7.5 GHz .all antennas have a return loss less than - 10dB for five impedance 
bandwidths.  
 
Figure 4.27. Simulated ΓdB for four antenna configurations (TLT-9). 
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4.2.2 Multiband Planar Printed Slot Antenna (Rexolite-1422) 
Printed Slot Antenna (REX1) exactly has the same geometrical structure like TLT1 but 
based on the Rexolite-1422 substrate material. Rexolite-1422 substrate with a dielectric 
constant εr = 2.53, a loss tangent tan (δ) = 0.00066 @10 GHz, and substrate height h=0.79 
mm with a copper cladding of thickness t=0.035 mm on both sides of PCB. All the antenna 
dimensions designed on a total surface area of (45 × 40) mm2. On the front side of the 
substrate, a microstrip line feeder with 50 Ω and fixed width (Wf=2.2 mm) and feeding length 
(Lf=31 mm) is designed. Rexolite-1422 is plastic substrate and Plastics are cheap, easy 
fabrication, have good surface adhesion, but have poor microwave dielectric properties when 
compared with other choices. They have poor dimensional stability, large thermal expansion 
coefficients, and poor thermal conductivity. All the four configurations based on Rexolite-
1422 substrate named as (REX1, REX2, REX3, and REX4). 
A. Multiband Slot Antenna 
A1. Multiband Planar Printed Slot Antenna (REX1) 
The geometry of the planar printed slot antenna (REX1) for multiband applications is 
exactly like (TLT1) which is depicted in Figure 4.11.   









   
(a) (b) 
Figure 4.28. Fabricated prototype of the proposed printed slot antenna (REX1) (a) top 
side, (b) bottom side. 
The simulated and measured return loss (ΓdB) of the proposed designed antenna (REX1) 
is depicted in Figure 4.29. The results show a good agreement with each other in all operating 
bands in the range of 2 GHz to 7.5 GHz.  
 




Figure 4.29. Simulated and measured ΓdB for slot antenna (REX1). 
The simulated and measured far-field radiation patterns (Etot) for the proposed antenna 










(a) E-plane (Y-Z) plane (b)H-plane (X-Z) plane 
 
Figure 4.30. Simulated and measured radiation patterns of the proposed multiband printed 
slot antenna (REX1): (a) E-plane (Y-Z plane) at 3.5GHz, 4.1 GHz, 5 GHz, 6.4 GHz, and 6.8 
GHz, (b) H-plane (X-Z plane) at 3.5GHz, 4.1 GHz, 5 GHz, 6.4 GHz, and 6.8 GHz. 
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A2. Multiband Planar Printed Slot Antenna (REX2) 
The geometry of the planar printed slot antenna (REX2) for multiband applications is 
exactly like (TLT2) which is depicted in Figure 4.18.   
Figure 4.31 shows the photographs of the top and bottom sides of the fabricated antenna 









   
(a) (b) 
Figure 4.31. Fabricated prototype of the proposed antenna (REX2) (a) top side, (b) 
bottom side. 
The simulated and measured return loss (ΓdB) of the proposed designed antenna (REX2) 
is depicted in Figure 4.32. The results show a good agreement with each other in all operating 
bands in the range of 2 GHz to 7.5 GHz.  
 
Figure 4.32. Simulated and measured ΓdB for slot antenna (REX2). 
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The simulated and measured far-field radiation patterns (Etot) for the proposed antenna 
(REX2) at five resonant frequencies (3.4, 4, 5, 6.3, and 6.7 GHz) along both y-z plane (E-











(a) E-plane (Y-Z) plane (b)H-plane (X-Z) plane 
 
Figure 4.33. Simulated and measured radiation patterns of the proposed multiband printed 
slot antenna (REX2): (a) E-plane (Y-Z plane) at 3.5GHz, 4.1 GHz, 5 GHz, 6.4 GHz, and 6.8 
GHz. (b) H-plane (X-Z plane) at 3.5GHz, 4.1 GHz, 5 GHz, 6.4 GHz, and 6.8 GHz.  
 
A3. Multiband Planar Printed Slot Antenna (REX3) 
The printed slot antenna is designed at multiband applications with the structure, as 
shown in Figure 4.29 (a, and b), and. This antenna is designed on Rexolite 1422, the substrate 
with height (h) of 0.79 mm and dielectric constant єr of 2.53 with double sided cladding 
copper with thickness (t) of 0.035mm. The geometrical structure of the proposed antenna 
(REX3) for the top and bottom sides shown in Figure 4.34.  
 





Figure 4.34. Geometrical layout of the proposed planar printed slot antenna (REX3): (a) top 
layer, (b) bottom layer. 
 
The unequal U-shaped slot is made in the ground plane. The slot is comprised of two 
group of five slots extended horizontally along the X-axis. A small strip with dimensions 0.5 
mm X 8 mm was made at the center of slots to shift the left group of slots by 0.5 mm and 
parallel to the microstrip line and extended along Y-axis. At the opposite side of the ground 
plane, a microstrip feed line of width 2.2 mm is printed centrally along the Y-axis. The 
microstrip line feed is designed to be 50 ohms in order to match the characteristic impedance 
of transmission line. At the open end of this microstrip line, separated by Lm with the 
smallest slots (LS1l and Ls1r). This slot antenna composed of two group of slots (left and 
right) in the ground plane that are in unequal U shape. The printed slot antenna parameters of 
all structure are given in Table 4.11 
 
Table 4.11: The dimensions for all elements of the proposed antenna (REX3) 
 
parameter Wg Lg S Ls1r Ls2r  Ls3r Ls4r Ls5r S1 S3 
Value(mm) 45 40 1 7.25 9.75 12.25 14.75 17.25 0.75 1 
parameter Wf Lf Lm Ls1l Ls2l Ls3l Ls4l Ls5l S2 S4 
Value(mm) 2.2 31 1 7.75 10.25 12.75 15.25 17.75 0.5 0.75 
 
Figure 4.35 shows the photographs of the top and bottom sides of the fabricated antenna 
(REX3). 
 












   (a) (b) 
Figure 4.35. Fabricated prototype of the proposed antenna (REX3) (a) top side, 
(b) bottom side. 
A small-size microstrip-fed printed slot antenna for multiband applications was designed 
and successfully implemented. Five operating frequencies with its bandwidths is achieved. 
The simulated and measured return loss ΓdB of the proposed antenna (REX3) is shown in 
Figure 4.36. 
 
Figure 4.36. Simulated and measured return loss ΓdB of the proposed antenna (REX3). 
 
As presented in Figure 4.36, we can conclude that we have a good agreement between 
the simulation and measurement results obtained for ΓdB especially at the start and end points 
for all bandwidths ,and at the operating frequencies almost matched (3.5, 4.1 and 5 GHz) and 
there is a little deviation for the other operating frequencies (6.4, and 6.8 GHz). 
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The simulated and measured far-field radiation patterns (Etot) for the five resonant 










(a) E-plane (Y-Z) plane (b) H-plane (X-Z) plane 
Figure 4.37. Simulated and measured radiation patterns of the proposed multiband printed 
slot antenna (REX3): (a) E-plane (Y-Z plane) at 3.4GHz, 4 GHz, 5 GHz, 6.6 GHz, and 7 
GHz, (b) H-plane (X-Z plane) at 3.4GHz, 4 GHz, 5 GHz, 6.6 GHz, and 7 GHz. 
The radiation patterns of the proposed antenna are measured in the anechoic chamber for 
verification of the simulated radiation patterns in E-plane and H-plane. It is noticed that the 
radiation patterns in E-plane for all frequencies under test, have a bidirectional pattern, 
however, the radiation patterns for the H-plane is found approximately omnidirectional. 
A4. Multiband Planar Printed Slot Antenna (REX4) 
The printed slot antenna is designed at multiband applications with the structure, as 
shown in Figure 4.38(a, and b), and. This antenna is designed on Rexolite 1422, the substrate 
with height (h) of 0.79 mm and dielectric constant єr of 2.53 with double sided cladding 
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copper with thickness (t) of 0.035mm. The geometrical structure of the proposed antenna 
(REX4) for the top and bottom sides shown in Figure 4.38.  
  
(a) (b) 
Figure 4.38. Geometrical layout of the proposed planar printed slot antenna (REX4): (a) 
top layer, (b) bottom layer. 
 
The unequal U-shaped slot is made in the ground plane. The slot is comprised of two 
group of five slots extended horizontally along the X-axis. A small strip with dimensions 0.5 
mm X 9 mm was made at the center of slots to shift the left group of slots by 0.5 mm and 
parallel to the microstrip line and extended along Y-axis. At the opposite side of the ground 
plane, a microstrip feed line of width 2.2 mm is printed centrally along the Y-axis. The 
microstrip line feed is designed to be 50 ohms in order to match the characteristic impedance 
of transmission line. At the open end of this microstrip line, shorted with the smallest slots 
(LS1l and Ls1r). This slot antenna composed of two group of slots (left and right) in the 
ground plane that are in unequal U shape. The printed slot antenna parameters of all structure 
are given in Table 4.12. 
Table 4.12:  The dimensions for all elements of the proposed antenna (REX4) 
 
parameter Wg Lg S Ls1r Ls2r  Ls3r Ls4r Ls5r S1 S3 
Value(mm) 45 40 1 7.25 9.75 12.25 14.75 17.25 0.5 1.75 
parameter Wf Lf Lm Ls1l Ls2l Ls3l Ls4l Ls5l S2 S4 
Value(mm) 2.2 31 0 7.75 10.25 12.75 15.25 17.75 1.25 0.5 
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(a) (b) 
Figure 4.39. Fabricated prototype of the proposed printed slot antenna (REX4); (a) top side, 
(b) bottom side. 
 
The simulated and measured return loss results of the printed slot antenna (REX4) is 
shown in Figure 4.40.   
 
Figure 4.40. Return loss (ΓdB) of the simulated and measured proposed antenna 
(REX4). 
 
As presented in Figure 4.40, we can conclude that we have a good agreement between 
the simulation and measurement results obtained for ΓdB especially at the start and end points 
for all bandwidths ,and at the operating frequencies almost matched (3.4, 4 and 4.9 GHz) and  
there is a little deviation for the other operating frequencies (6.6, and 7 GHz). 
 




The simulated and measured far-field radiation patterns (Etot) for the proposed printed 
slot antenna (REX4) for the five resonant frequencies (3.4, 4, 4.9, 6.6, and 7 GHz) are shown 










(a) E-plane (Y-Z) plane (b) H-plane (X-Z) plane 
Figure 4.41. Simulated and measured radiation patterns of the proposed multiband printed 
slot antenna (REX4): (a) E-plane (Y-Z plane) at 3.4GHz, 4 GHz, 5 GHz, 6.6 GHz, and 7 
GHz, (b) H-plane (X-Z plane) at 3.4GHz, 4 GHz, 5 GHz, 6.6 GHz, and 7 GHz. 
The radiation patterns of the proposed antenna are measured in the anechoic chamber for 
verification of the simulated radiation patterns in E-plane and H-plane. It is noticed that the 
radiation patterns in E-plane for all frequencies under test, have a bidirectional pattern, 
however, the radiation patterns for the H-plane is found approximately omnidirectional. 
4.2.3 Multiband Planar Printed Slot Antenna (FR4) 
The third proposed printed slot antenna presented in this chapter is with a slot structure 
resulting from the rectangular narrow slots based on DGS and with the same concept of the 
previous ones. The DGS based slot structure of the proposed antenna is in the form of two 
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groups (left and right) of five slots as being applied to the ground plane side of the printed 
slot antenna and on the front side the microstrip line is designed. 
Figure 4.42 shows the structure of the proposed planar printed slot antenna. The 
proposed slot antenna is printed on a double sided FR4 substrate with a dielectric constant εr 
= 4.32, a loss tangent tan (δ) = 0.024, and substrate height h=1 mm with a copper cladding of 
thickness t=0.018 mm on both sides of PCB. All the antenna dimensions designed on a total 
surface area of (45 × 40) mm2. On the front side of the substrate, a microstrip line feeder with 
50 Ω and fixed width (Wf =1.9 mm) and feeding length (Lf =31 mm) is designed.  
  
(a) (b) 
Figure 4.42.  Geometrical layout of the proposed planar printed slot antenna FR4: (a) top 
layer, (b) bottom layer. 
The ground plane of the proposed antenna consists of two groups of five straight slots 
extended horizontally with different Lengths. The two groups of slots are separated by (0.5 × 
8.5) mm2 strip with right angle for all slots and fills the slots area parallel to the microstrip 
line in symmetric position around the origin of X-axis. The left group of the slots are shifted 
by 0.5 mm to the left due to the microstrip line view of the antenna. On both sides around this 
strip there is cut spaced with slot width (S) and connected all slots together. Two groups of 
five slots positioned around the strip .The right and left designed group of slots on the ground 
plane are created with the following lengths for right group (Ls1r, Ls2r, Ls3r, Ls4r, and Ls5r) 
and for the left group with lengths (Ls1l, Ls2l, Ls3l, Ls4l, and Ls5l), and fixed width (S) for 
all slots .The separation between slots control the impedance bandwidth of the antenna the 
separation between slots are (S1,S2,S3, and S4);S1= 1 mm  , S2=S4= 0.5 mm and the last one 
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with S3= 1.5 mm (as shown in Fig 5.23. (b)), and with Lm length between the open end of 
microstrip line and Ls1r & Ls1l for adjusting the impedance (as shown in Fig 5.9. (a)). All 
the parameters of the proposed antenna are shown in Table 4.13.  
Table 4.13:  The dimensions for all elements of the proposed antenna (FR4) 
 
parameter Wg Lg S Ls1r Ls2r  Ls3r Ls4r Ls5r S1 S3 
Value(mm) 45 40 1 7.25 9.75 12.25 14.75 17.25 1 1.5 
parameter Wf Lf Lm Ls1l Ls2l Ls3l Ls4l Ls5l S2 S4 
Value(mm) 2.2 31 0.5 7.75 10.25 12.75 15.25 17.75 0.5 0.5 
The photographs of the top and bottom sides of the fabricated proposed slot antenna 













Figure 4.43. Fabricated prototype of the proposed printed slot antenna (FR4) (a) top side, (b) bottom 
side. 
The simulated and experimental return loss results of the printed slot antenna (FR4) is 
shown in Figure 4.44.   
 
Figure 4.44. Return loss (ΓdB) of the simulated and measured proposed antenna (FR4). 
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As presented in Figure 4.44, we can conclude that we have a good agreement between 
the simulation and measurement results obtained for ΓdB especially at the start and end points 
for all bandwidths ,and at the operating frequencies almost matched (2.9,3.4,and 4.1 GHz) 
and there is a little deviation for the other operating frequencies (5.4, and 5.7 GHz). 
The simulated and measured far-field radiation patterns (Etot) for printed slot antenna 
based on DGS rectangular slot cell fabricated on a double sided FR4 for the five resonant 











(a) E-plane (Y-Z) plane (b) H-plane (X-Z) plane 
Figure 4.45.  Simulated and measured radiation patterns of the proposed multiband printed 
slot antenna FR4: (a) E-plane (Y-Z plane) at 2.9 GHz, 3.4 GHz, 4.1 GHz, 5.4 GHz, and 5.7 
GHz, (b) H-plane (X-Z plane) at 2.9 GHz, 3.4 GHz, 4.1 GHz, 5.4 GHz, and 5.7 GHz. 
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The radiation patterns of the proposed antenna are measured in the anechoic chamber for 
verification of the simulated radiation patterns in E-plane and H-plane. It is noticed that the 
radiation patterns in E-plane for all frequencies under test, have a bidirectional pattern, 
however, the radiation patterns for the H-plane is found approximately omnidirectional. 
4.4 Conclusion  
In this chapter, a novel planar printed slot antenna with slot defects on the ground plane 
fed with microstrip line that operates at five bands has been successfully designed and 
simulated using IE3D electromagnetic simulator and fabricated by LPKF technology. Planar 
printed slot antennas were fabricated based on different materials (TLT-9, Rexolite 1422, and 
FR4) to validate the simulation results. The measured results show good agreement with 
simulation results for the return loss and provide a stable radiation pattern for the operating 
frequencies. The proposed antennas were designed and fabricated on a double-sided PCB, 
and the obtained results show that the printed slot antennas can operate effectively at five 
frequencies with a useful radiation pattern. The impedance bandwidth contains first three 
narrowband around the operating frequencies and for the other two bandwidths integrated 
inside a wide bandwidth. The gain almost higher than 4 dBi at the operating frequencies for 
all designed antennas. The design process aimed at best return losses and fine quality 
radiation characteristics over all penta-bands. This makes these antennas are suitable for 
multiband applications. 
The first proposed antenna for multiband applications of this chapter has been published 
as a full paper (Design of a Microstrip-fed Printed Slot Antenna Using Defected Ground 









































Conclusion and Future Work 
 




The aim of this chapter is to sum up all the presented work in this thesis to achieve a 
constructive conclusion that might help future development of this work, and finally present 
the perspectives and future work. The highlight conclusions drawn from the numerical and 
experimental investigations conducted on the planar printed slot antennas using defected 
ground structures (DGS) is presented. The motivation of this thesis is to implement a planar 
printed antenna using defected ground structures for multiband applications. Planer printed 
antenna was designed, built, and tested to meet the predefined specifications. The structure of 
printed antenna that was simulated using IE3D has been presented in this thesis. This thesis 
presents two designs of printed slot antenna based on structures suitable for multiband 
applications. 
The first printed slot antenna (printed square spiral slot antenna) is a novel configuration 
of the planar printed square spiral slot antenna, and is based on a coplanar waveguide as 
feeder for wideband applications. IE3D was used for all antenna of four different 
configurations. Printed square spiral slot antenna can be defined by angles and a constant 
separation distance between adjacent arms, thus making it a quasi-frequency independent 
antenna. The printed square spiral slot antenna consists of two spiral slots with a coplanar 
waveguide (CPW) feeding structure. The antenna and its feeder are fabricated on a single-
layer printed circuit board (PCB) with extremely low manufacturing cost. The return loss 
bandwidth analysis of the performance characteristics of the printed square spiral slot antenna 
over the range of 2 GHz to 15 GHz found the antenna to be within the UHF band (300MHz – 
3GHz), and SHF band (3 GHz - 30 GHz). The printed square spiral slot antenna presented in 
this thesis is inductively coupled with the coplanar waveguide which acts like a short circuit 
at the end of the slot, and the two spiral slots are separated from each other. The structure of 
printed square spiral slot was studied using a simple CPW-based feeding without a need for 
balun and/or impedance transformer. This makes the antenna compact and completely planar 
structure with a wide impedance bandwidth as the main advantages of this antenna. A good 
agreement has been found between simulation and measured results. The simulation and 
experimental results show that this planar printed slot antenna is a good candidate and 
suitable for a number of multiband applications inside the wideband range. Furthermore, a 
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bandwidth enhancement for the antenna is obtained by a corner truncated for square spiral 
slot antenna. 
The second printed slot antenna (printed slot antenna based on rectangular narrow DGS 
slots on the ground plane) is a novel planar printed slot antenna with slot defects on the 
ground plane that operates at five bands. Also, this antenna has been successfully designed 
and simulated using IE3D electromagnetic simulator and fabricated by LPKF technology 
based on microwave substrate to validate the simulation results. The measured results show 
good agreement with simulation results for the return loss and provides a stable radiation 
pattern for the operating frequencies. The planar printed slot antenna is designed based on 
DGS and fabricated on a double-sided PCB. The obtained results show that the printed slot 
antenna can operate effectively at five frequencies with a useful radiation pattern. The 
impedance bandwidth contains three narrowband around the first three operating frequencies 
and for the other two bandwidths integrated inside a wide bandwidth. The gain varied around 
4 dBi for the designed antennas at the operating frequencies. The design process aims the best 
return losses and fine quality radiation characteristics for all the penta-bands. This makes this 
antenna design suits well for the multiband applications. The printed slot antenna with 
defected ground structures (DGS) is ideal for multiband applications for its controllable 
frequency behavior where this antenna is characterized by a relatively stable radiation 
pattern. Three different substrates used for the design of a planar printed slot antenna based 
on DGS rectangular cell, the antenna designed and fabricated on double sided Taconic (TLT-
9) and four configurations are designed and simulated with two of them are fabricated and 
tested. Also, the same four antenna configurations are designed, simulated and fabricated to 
study the effect of different substrate materials such as the Teflon and plastic, in addition to a 
low cost material such as FR4. 
The microstrip line and Coplanar Waveguide are used to feed the printed antennas which 
are suitable for the multiband applications. The important features of the geometry are 
examined. Suggestions for the future work in the field are also included in this chapter. The 
aim of this thesis is the design, analysis, fabrication, and measurements of the printed 
antennas based on different defected ground structures. 
To conclude, the DGS still have a lot to offer and will still see a lot of development in 
the next decade. DGS structure provides size reduction and slow-wave effect that are the 
most important features cherished by any electromagnetic designer. The final step in this 
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work is to mention and explain the future work that we intend to develop as an enhancement 
of the current work that we presented here by making use of the study and understanding that 
we have developed through the work in the thesis. 
5.2 Future Work 
As in planar printed antenna design, the antenna parameters are directly related to the 
dielectric characteristics and thickness of the substrate material used. Therefore, in the future 
other substrate materials could be used to improve the results. From our research study in the 
planar printed antenna design using defected ground structures, it is clear that there is still an 
open field for more innovations, whether reducing the size of the antenna or enhancing the 
performance. Reducing the size can be made by using materials of high dielectric constants 
or by using other different shapes of defected ground structure (DGS) in ground plane. 
Suggested future work can be accomplished in the following points: 
• Establish performance evaluation procedure for printed antenna with DGS in 
electromagnetic simulator software  and compare different antenna schemes 
– According to reciprocity theorem, we can simply look at the transmitting 
antenna in early simulation 
– Important parameters of the transmitting antenna: ΓdB, input impedance, 
radiation pattern, etc.  
• After thorough investigation by simulation, build the antenna on PCB and experiment 
its practicability 
• To perform a complete analysis of microstrip line fed printed antenna with DGS and 
investigate the equivalent circuit model. 
• To study the effect of different structures of DGS on the printed antenna 
characteristics. 
• To study the effect of DGS on different type of printed antennas like slot or patch. 
• Reducing the printed antenna size and enhancing the performance can be achieved by 
different DGS configurations and structures.   
• Further study is also needed for planar printed antenna with different feeding applied, 
such as coplanar waveguide (CPW). This is useful for the future printed antenna 
design, in order to reduce the error due to misalignment between microstrip line and 
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DGS in the ground plane printed on both sides of the substrate during fabrication 
process. 
• Implement the novel DGS and printed antennas at higher frequencies on more 
different substrates using Characteristic Mode Analysis. (CMA) to produce better 
performance and integration capability with monolithic microwave integrated circuits 
(MMIC). 
• Design and fabricate DGSs on printed antennas as a parasitic elements which is still 
under investigation. 
• Solve part of the actual measurement of the impedance mismatch problem 
Measuring the actual field shape and gain 
– Simulate more multiband antennas accordingly with future wireless 
communication needs  
• Studying other antenna geometries: Different printed antenna geometries based on 
DGS.  
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6. Original Contributions to Science 
Original contributions to science in the context of the doctoral dissertation entitled 
“Design of Wideband Planar Printed Antennas Using Defected Ground Structures for 
Multiband Applications” are as follows: 
The main contributions of this thesis are given below. 
1. Design of a novel wideband printed antenna with any arbitrary shape or 
combinations of different shapes that will allow the work with the planar defected 
ground structures.  
In spite of its promising performance, the conventional printed spiral antenna feeding 
structure is situated in the center of the spiral and extends into the third dimension. This way 
of feeding bans the spiral antenna from possessing the advantage of planar structures. In 
addition to that, the central feeding method is incompatible with the modern compact 
communication devices. Also, the existence of the balun and the impedance transformer in 
the feeding structure increase the size and the cost of the antenna. Furthermore, they put more 
constraints and difficulties in designing process of the antenna. A lot of efforts have been 
done to make the conventional printed spiral antenna structure completely planar and to 
eliminate the need for the balun and the impedance transformer network. Feeding the spiral 
antenna from the outer arms is proposed to get a completely planar structure. This technique 
gives limited circular polarization bandwidth, while the balun and the impedance transformer 
are still needed. However, this technique helps to develop new forms of printed spiral 
antennas such as the CPW fed printed spiral antenna which eliminates the need for the balun 
and the impedance transformer. 
A new version of planar printed antenna has been designed, manufactured and tested. 
This planar printed square spiral slot antenna was designed and simulated using IE3D 
electromagnetic simulator which is based on the method of moments (MoM). The results of 
the electromagnetic simulator are verified against the experimental measurements, and their 
level of accuracy is based on the type of numerical method and geometry used in the 
simulations. The spiral antenna normally extends as a 3D structure because of the central feed 
for its arms. The printed square spiral slot antenna consists of two spiral slots with a coplanar 
waveguide (CPW) feeding structure. The antenna and its feeder are fabricated on a single-
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layer printed circuit board (PCB) with an extremely low manufacturing cost. The return loss 
bandwidth is analyzed against the performance characteristics of the printed square spiral slot 
antenna over the range of 2 GHz to 15 GHz. The structure of the printed square spiral slot is 
studied using simple CPW-based feeding without the need for the balun and/or the 
impedance transformer. This provides a compact antenna that is characterized with a 
completely planar structure and wide impedance bandwidth. The proposed antenna design 
occupies an overall dimension of (40×65×1.6) mm3 based on FR4 substrate material. 
2. Development of a novel defected ground structures to improve the printed antenna 
performance especially in multiband applications. 
A narrow scientific field review concludes that the defected ground structures (DGS) are 
useful for improving printed antennas (slot) performance, and a printed antennas of defected 
ground structures can provide a reduction in size and multiple resonances. The number of 
investigations focusing on DGS for antennas is very limited, therefore combining printed 
antennas with defected ground structures concepts can be innovative since each being a hot 
area of research. Hence exploring novel printed antennas which can be loaded with defected 
structures for providing enhanced performances is the motivation behind this research 
activity. The resulting Printed antenna with defected structures would be of a new kind with 
an improved performance such as reduced return loss, multiple resonances and enhanced gain 
compared to the conventional printed antennas. This could meet the demands in a single 
antenna for multiple frequency operations for wireless communication applications. The 
planar printed antenna has advantages of being conformal, low profile, small size and ease of 
integration with device PCB. So the challenge is to design a wideband planar printed antenna 
for multiband applications. As the length of antenna is frequency dependent, a specific 
technique such as the defected structures can be used to achieve the multiband/wideband 
operation.  
A novel planar printed slot antenna with slot defects on the ground plane that operates at 
five bands has been successfully designed and simulated using IE3D electromagnetic 
simulator and fabricated using LPKF technology based on a microwave substrate (TLT-9, 
Rexolite-1422, and FR4) to validate the simulation results. The measured results show a very 
good agreement with simulation results for the return loss and provides a stable radiation 
pattern for the operating frequencies. The planar printed slot antenna is designed based on 
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DGS and fabricated on a double-sided PCB. The obtained results also show that the printed 
slot antenna based on DGS can operate effectively at five different frequencies with a stable 
radiation pattern. The impedance bandwidth contains three narrowband around the first three 
operating frequencies, and the other two bandwidths are integrated inside a wide bandwidth. 
Furthermore, it was found that the proposed antenna exhibits good radiation characteristics 
and acceptable gains. 
3. Implementation of the suitable defected ground structures for wideband printed 
antennas to verify the multiple band applications. 
The printed square spiral slot antenna is designed as a planar structure, matched to a 
planar 50 Ω coplanar waveguide, and fabricated on FR4 substrate. The return loss (ΓdB) and 
radiation pattern experimental measurements are found to verify the simulation results. The 
second type of designed antenna is the printed slot antenna based on DGS and fed with 
microstrip line. The antenna testing is important for evaluation of the antenna performance 
and for comparison to the simulation design. Measurements on the fabricated antennas were 
carried out using the Rohde & Schwarz ZVA67 Vector Network Analyzer for measuring 
return loss (ΓdB) and anechoic chamber for radiation pattern measurements. The designed and 
fabricated antennas are suitable for some wireless application such as WLAN (Wireless Local 
Area Network) and C-band applications. Analyzing the performance of the designed planar 
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A1. Design Equations of Microstrip Line 
 
Figure A1.1. Microstrip line. 
Closed form expressions for cZ  and eff have been reported by Wheelear, Schneider and 
Hammerstad. Wheeler and Hammerstad gave an expression for w
h




The effective dielectric constant is given by:  
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These closed form expressions were proved to give right results in the range of ± 1% of 
wheeler’s numerical results for a practical range of microstrip lines. 
0.05 20 and 16r
w
h
   .  
Synthesis is the opposite operation of the analysis which means from the relative dielectric 
constant, the characteristic impedance of the line and the height of the dielectric constant 
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This formula gives accuracy better than 1% for 0.05 20 and 16r
w
h
   . 
The formulas given for the quasi-static characteristic impedance and effective dielectric 
constant in the previous sections are based upon an infinite thin microstrip line thickness 
( 0t  ). A finite thickness (t) can be compensated by a reduction of width. That means a strip 
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                                                                                                (A1.13) 
Both the characteristic impedance and the effective dielectric constant change with frequency 
due to dispersion. The effective dielectric constant increases with frequency and 
asymptotically approaches r . Dispersion causes a small increase in the characteristic 
impedance of the microstrip line for high frequencies. The  effect  due  to  dispersion  should  
be  taken  into  account  for high frequencies (above about 4 GHz). 










                                                                                              (A1.14) 
In the above equation eff depending on whether the effect of microstrip thickness is ignored 
or not. 
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                                                 (A1.19)     
If the value of 2.32m  , we take it as 2.32. 
The above formula gives accuracy of 0.69% for 0.01 10 and 1 128r
w
h
    . 

















                                                                                    (A1.20) 
Losses  due  to  dissipation  in  a  microstrip  structure  are dielectric losses  and  conductor  
losses  .The  total  loss  or  attenuation  is  given  by  the attenuation coefficient in dB/m by  
c d                                                                                                                          (A1.21) 
Where c and d are the attenuation coefficient due to conductor and dielectric losses, 
respectively. 
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Where: 
tan is loss tangent 
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A2. Design Equations of Coplanar Waveguide 
A coplanar line is a structure in which all the conductors supporting wave propagation 
are located on the same plane, i.e. generally the top of a dielectric substrate. There exist two 
main types of coplanar lines: the first, called coplanar waveguide (CPW), that we will study 
here, is composed of a median metallic strip separated by two narrow slits from an infinite 
ground plane, as may be seen on the figure below. 
 
Figure A2.1: coplanar waveguide line 
 
The characteristic dimensions of a CPW are the central strip width W and the width of 
the slots S. The structure is obviously symmetrical along a vertical plane running in the 
middle of the central strip.  
In both formulae K (k) and K’ (k) represent the complete elliptic integral of the first kind and 
its complement, and k1.  
                                                                                                (A2.1) 
While the separate evaluation of K and K’ is more or less tricky, the (K / K’) ratio lets itself 
compute efficiently through the following formulae: 
         for 0≤ k ≤                                                         (A2.2) 





with k’ being the complementary modulus:  
                                                                                           (A2.4) 
It can be considered as exact for any practical purposes. 
The total line capacitance is thus the sum of Cd and Ca.  
                      
                                                    
(A2.5) 
          The effective permittivity is therefore: 
                                                                                  (A2.6) 
 
and the impedance: 













B1. Calibration Types 
 A vector network analyzer has several types of calibration. Usually, each calibration has 
its own properties and terms, so the user can obtain the required calibration. The general 
properties for deciding the type of calibration to use are the scattering parameters that are 
necessary to measure, and the errors which can be associated with them. Therefore, the 
necessity of following a plan to correct those errors comes up. Now, a set of terms are 
described in order to understand how calibrations are done.  
 Calibration type: Specifies the type of necessary calibration to correct errors. In this 
thesis the type of calibrations used are the Full one-port calibration and the one-path two-
port calibration.  
 Standard procedure: A match, a short, an open, or a through standards can be used 
depending on the calibration type and on the errors to be corrected. Open and short 
standards are used to acquire the reflection tracking error and the source match, 
respectively; while the match standard is used to acquire the directivity error. The through 
standard is used to give the transmission tracking error.  
 Scattering parameters to measure: S11 (measured at input port 1), S22 (measured at 
output port 2), or S12 parameters can be measured.  
 Error before calibration: Specifies the type of errors which can be corrected by a 
specific standard procedure.  
 Application after correction: Allows the measurement of wanted parameters (S11, S22, 
S12, and VSWR) after the calibration corrections.  
 Correction accuracy: Gives an idea of how precise are the calibration corrections.  
Next, a table with the description of each calibration type is given.  











after correction  
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accuracy  
Full one-Port  Open; 
short; 
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